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pH VALUES OF ACID-SALT MIXTURES OF SOME AROMATIC 
SULFONIC ACIDS AT VARIOUS TEMPERATURES AND A 
CRITERION OF COMPLETENESS OF DISSOCIATION 


By Walter J. Hamer, Gladys D. Pinching, and S. F. Acree 





ABSTRACT 


A method is described to differentiate between completely and incompletely 
dissociated acids by means of measurements of the emf of galvanic cells without 
liquid junctions. ydrogen and silver-silver-chloride electrodes and solutions of 
the acid, its sodium or potassium salt, and sodium or potassium chloride are used. 
The activity coefficients of hydrochloric acid in such mixtures are calculated by 

the equation relating the emf to the activity of hydrochloric acid in known con- 
‘ centrations of the acid and salts. If the mean values of the activity coefficient of 
hydrochloric acid in the mixtures are higher than those predicted by the limiting 
law of Debye and Hiickel, the acid is then considered to be completely dissociated. 
If they are lower, the acid is incompletely dissociated. By this method it was 
found that the sulfonic acid group in p-phenolsulfonic and 4-chlorophenol-2- 
sulfonic acids may be regarded as completely dissociated into sulfonate and hydro- 
gen ions at temperatures of 10°, 25°, 40°, and 60° C. 

Solutions containing p-phenolsulfonic acid, its sodium or potassium salt, and 
sodium or potassium chloride and solutions containing 4-chlorophenol-2-sulfonic 
acid, its sodium salt, and sodium chloride are suitable for use as 1. standards. 
Their pH values range from 1.2 to 2.5 and vary only slightly with temperature 
changes. Directions for their preparation are given. 

The significance of the complete dissociation of the sulfonic acid group in the 
calculation of the ionization constants and pH values of sulfonate buffers and 
indicators is discussed in terms of the tautomeric relations and the theory of color 
changes of indicators. 
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I. INTRODUCTION 


In measurements of acidity, knowledge of the degree of dissociation 
of a sulfonic acid group in indicators or buffers is important. Wing- 
field and Acree [1]' have reported that the changes in the molar absorp- 
tion index of B-naphthoquinonesulfonic acid upon the addition of 
different amounts of hydrochloric acid and various salts can best be 


' Figures in brackets indicate the literature references at the end of this paper. 
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interpreted by assuming that the sulfonic acid group is almost com- 
pletely dissociated into ions. However, their attempts to determine 
the degree of dissociation of the sulfonic acid from pH measurements 
with a glass electrode and a saturated calomel half-cell involved 
number of uncertainties and led to the conclusion that 6-naphthoqui- 
nonesulfonic acid might have an ionization constant as low as 0.03 to 
0.10. On the other hand, conductivity measurements indicate that 
sulfonic acids are completely dissociated. This inconsistency may 
be attributed partly to the neglect of corrections for the potential of 
the liquid junction between the solutions of sulfonic acid and saturated 
potassium chloride of the calomel half-cell. Hamer and Acree [2] 
have shown that values of the ionization constants of weak acids 
determined from cells with liquid junction may be in error by as much 
as 46 percent, depending upon the method used to estimate the values 
of the liquid-junction potentials. Errors would be even greater for 
acids of large ionization constants [3]. Additional uncertainties may 
be attributed to salt errors of the glass electrode. This electrode was 
employed because 6-naphthoquinonesulfonic acid is readily reduced 
at a hydrogen electrode. 

As the above methods are complicated, it is the purpose of this 
report to describe a procedure using galvanic cells without liquid 
junction for determining whether the dissociation of strong acids is 
essentially complete. The method is illustrated by data on p-phenol- 
sulfonic and 4-chlorophenol-2-sulfonic acids. These acids were 
chosen because they are not reduced at the hydrogen electrode; are 
obtained in a fair state of purity; may be used as pH standards for 
the two pH ranges covered by the sulfonic and phenolic groups; have 
a structure similar to those of many indicators; and give spectropho- 
tometric curves resembling those of sulfonphthalein indicators in the 
ultraviolet. 


II. TAUTOMERIC EQUILIBRIA OF PHENOL-SULFONIC 
ACIDS 


In order to determine the pH values of sulfonphthalein indicators 
and p-phenolsulfonate buffers, it is necessary to know the ionization 
constants of their sulfonic acid and phenolic groups. Both ionization 
constants must be determined by means of a mass-action equation, 
including the activities of the hydrogen and organic ions obtained by 
potentiometric, spectrophotometric, or other methods. The expres- 
sions involving tautomeric equilibria must also be considered, since 
the evidence so far obtained from spectrophotometric data, alkylation 
reactions, and pH measurements indicates that the free acids and 
salts of the above indicators and buffers must be treated as tauto- 
meric compounds, such as are illustrated in figure 1. 

The mathematical methods for correlating dissociation and equili- 
brium constants of tautomers have already been developed [4, 5, 6]. 
The fractional transformation, «, of the indicator or buffer into bi- 
valent ions, and the change in color,” with increase in neutralization 
with alkali and corresponding rise in pH are represented by eq |, 

? The p-phenolsulfonates and indicators give absorption index bands in the ultraviolet that are as differ- 
ent for-acid and alkaline solutions as are the visible bands for indicators. The molar absorption indices 
are used as a measure of the concentrations of the molecules and ions of these organic compounds [6, 8, 9). 


The equations apply regardless of the number of uni- and bivalent electromers or electronic states giving 
the corresponding index bands [5, p. 220]. ; 
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which is @ simplification of the general equations governing such 
tautomeric compounds [4, 6]. 


Ha/(1—«) =[KigKogh+ KipKop)/[((Aiet+H)+R(Kigt+H)]. (1) 


In eq 1 the apparent ionization and equilibrium constants are the 
classical ones and contain terms for the activity coefficients for 
each reaction shown in figure 1; a is the sum of the concentrations 
of the resonant bivalent ions (P=+Q™) obtained from the data for 
the absorption indices or otherwise; and H is the hydrogen-ion con- 
centration. This equation is similar in form to those for dibasic 
acids having no tautomeric properties. 
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Figure 1.—Tautomeric and electromeric forms of p-phenolsulfonates 


H:Q, HQ-, and Q= represent the molecular, univalent, and bivalent forms of the quinoidal structure. 
H3P, HP-, and P= represent the molecular, univalent, and bivalent phenolic structures. 

R, Ri, and Ry represent the ratios H:Q/H:P, HQ-/HP-, and Q-/P-. 

Kiq and K2q represent the primary and secondary ionization constants of the quinoidal form. 

Kip and Kop represent the primary and secondary ionization constants of the phenolic form. 


The apparent ionization constants and ionization relations of the 
phenol and sulfonic acid groups in sulfonphthaleins and phenol- 
sulfonates are thus very complex in that they involve activity co- 
efficients and several equilibrium and ionization constants. The 
value of Ha/(1—a) for any given hydrogen-ion concentration depends 
greatly on the relative magnitudes of the first and second ionization 
constants. If the sulfonic acid group is almost completely ionized 
under all conditions, as usually assumed for strong mineral acids and 
bases, and K,p/K2p and Kie/Kog, therefore large, eq 1 reduces to eq 2 


Ha/(l—a) =f, (2) 


which is the form for the second ionization constant of p-phenol- 


a SSO SES ESS i SS 
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sulfonates and sulfonphthalein indicators, involving only the dissocia- 
tion of the phenolic group, as follows: 


SO,-ROHeSO,-RO- + Ht. 


Use of the mass law (eq 2) and emf data by Bates, Siegel, and Acree 
[7], including the corresponding values of the activity coefficients of 
the ions, gave a good second ionization constant for phenolsulfonic 
acid. Practically the same value was obtained by Sager, Schooley, 
and Acree by spectrophotometric methods [8]. If the sulfonic acid 
group were incompletely ionized, however, more of its molecules 
would be formed upon the addition of a strong acid to either the 
sulfonate salt or the free sulfonic acid, and the spectral absorption 
bands would show corresponding changes. The fact that this was 
not observed upon addition of 0.1, 0.44, and 1.9 M hydrochloric acid 
offers further evidence that the sulfonic acid group must be almost 
completely ionized. 

Furthermore, a precise study by Sager, Keegan, Schooley, and 
Acree of the spectrophotometric curves for a number of the sulfon- 
vhthaleins at widely different pH values [9] shows that the absorption 
index bands characteristic of the sulfonate salt are not changed, within 
experimental errors, by addition of hydrochloric acid up to 0.5 M. 
An alternative possibility that the ionized and nonionized sulfonic 
acid group have exactly the same absorption index bands is of doubtful 
validity in view of the fact that the ionized and molceular forms of 
carboxylic acids, urazoles, quinonephenolates, and quinaminone 
indicators, etc., were found to give quite different bands. 

The evidence so far presented indicates, therefore, that the sulfonic 
acid group in the type of compounds under consideration here is 
essentially completely ionized into hydrogen and sulfonate ions. 
Data given later in this paper point in the same direction. 

As the phenolic group is not appreciably ionized in the pH range 
used in this work, all subsequent discussion of the ionization of these 
compounds refers to their sulfonic and sulfonate groups alone. 


III. EXPERIMENTAL PROCEDURES 
1. MATERIALS 


Sodium p-phenolsulfonate obtained from a commercial source was 
recrystallized four times from distilled water and dried to constant 
weight at 105° C. The purity of the material was found to be 98 
percent by bromometric assay [7, 8]. The original sample contained 
traces of sulfate and phenol, which were absent in the purified material. 
Impurities in the recrystallized material are probably cresol sulfonate 
and phenoldisulfonate. In the pH range 1.2 to 2.5 used in the work 
neither of these impurities peor | affect the conclusions. 

Potassium p-phenolsulfonate obtained from a commercial source 
was dissolved in distilled water, treated three times with activated 
carbon to remove colored impurities, recrystallized four times from 
distilled water, and dried at 110° C. By bromometric assay it was 
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found to have a purity of 100.1 percent. Differential titration with 
carbonate-free sodium hydroxide [7] indicated a purity of 100.1 per- 
cent. Both methods of assay have an catithated uncertainty of 0.1 
ercent. 

"sodium 4-chlorophenol-2-sulfonate obtained from a commercial 
source was dissolved in distilled water, digested with four successive 
ortions of activated carbon to remove soleied impurities, recrystal- 
lined twice from distilled water, and dried at 105° C. Whereas the 
original material contained traces of sulfate, the purified material 
was found to be free of this impurity. 

The hydrochloric acid solution was prepared by dissolving hydrogen 
chloride gas in conductivity water [10]. The strength of the acid 
was determined by weight titration with a standardized solution of 
carbonate-free sodium hydroxide, using phenolphthalein as_ the 
indicator. Determinations agreed within 0.05 percent. 


a ND OEE Se ee ae 


2. SOLUTIONS 


TT 


Stock solutions were prepared from a known weight of the dry 
1 @ sodium or potassium salt and the requisite weight of hydrochloric 
1 @ acid. The more dilute solutions were prepared from known weights 
of stock solution and conductivity water. 
Three different stock solutions containing different ratios of acid 
| to salt were used for the measurements on p-phenolsulfonic acid. 
One contained equal molal quantities of sodium p-phenolsulfonate, 
» @ p-phenolsulfonic acid, and sodium chloride. A second contained the 
same constituents in the ratio of 3:1:3. In the third, the potassium 
; |@ salts were used in the corresponding ratio of 5:2:5. For the measure- 
; @ ments on 4-chlorophenol-2-sulfonic acid, only one stock solution 
containing sodium 4-chlorophenol-2-sulfonate, 4-chlorophenol-2-sul- 
fonic acid, and sodium chloride in the ratio 1:1:1 was employed. 


3. APPARATUS AND METHOD 


Galvanic cells with hydrogen and silver-silver-chloride electrodes 
were employed. These cells are of the type used in this Bureau in 
work on pH standards and have been described in previous papers 
(3, 11, 12]. Measurements were made at 10°, 25°, 40°, and 60° C 
in order to determine the effect of temperature upon the degree of 

| dissociation of the acids. Solutions containing mixtures of the acid, 
its sodium or potassium salts, and sodium or potassium chloride 
were employed rather than solutions of the pure acids alone. The 
addition of the chloride is a prerequisite for the use of the silver- 
silver-chloride electrode in such mixtures. 

The details of the apparatus employed in this investigation, in - 
cluding the cells, bubble tubes, electrodes, thermostat, and the emf 
recording instruments, have been described by Hamer and Acree [12 ]. 
The cells and bubble tubes were filled under reduced pressure, t he 
temperature of the thermostat was controlled within 0.01° C at the 
four temperatures, and the emf was measured by means of a cali 
brated potentiometer with galvanometer and standard cell. 
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IV. ELECTROMOTIVE-FORCE MEASUREMENTS 


The galvanic cell employed for these measurements may be repre- 
sented by 


Pt, H2(g)|HAn(m,), MAn(m;), MCI(m;)|AgCl(s)|Ag(s). 


An designates the sulfonate anion, and M represents either sodium or 
potassium. Molality was chosen as the concentration unit. 

The emf of this cell at a pressure of 1 atmosphere of hydrogen is 
given by 


_ In(fafcimumMe), (1) 


B=E°—*F in (Quto)=E°— 
in which £ is the measured emf in international volts; E° is the 
potential of the silver-silver-chloride electrode in international volts for 
unit activity of hydrochloric acid; a, m, and f represent, respectively, 
the activity, molality, and activity coefficient of the ionic species 
denoted by subscripts; and R, 7, and F have their usual significance. 


TABLE 1.—Electromotive force of the galvanic cell Pt, Ha(g)|HAn(m:), MAn(m,), 
MCl(m;)|AgCl(s)|Ag at 10°, 25°, 40°, and 6 








Concentrations of solutions 
in moles of solutes per 
1,000 g of water 


emf in volts at— 





ame | me | wo | 25° © 40° C 60° C 





Mixtures of 4-chlorophenol-2-sulfonic acid, the sodium salt and sodium chloride 





0. 10093 0. 10094 0. 35790 0. 35597 0. 35288 0. 34724 
- 07513 - 07514 - 37164 - 37036 - 36801 - 36302 
- 05147 - 05147 . 88902 - 38866 - 38703 - 38347 
. 02569 - 02569 - 42080 . 42203 « 42204 - 42055 
- 009676 - 009676 - 46421 - 46754 - 46936 - 47009 
. 008138 - 008138 - 47240 - 47615 - 47806 47928 
- 006236 . 006236 - 48430 - 48867 - 49166 49440 
- 004343 - 004343 . 50171 - 50702 - 51117 51511 





Mixtures of p-phenolsulfonic acid, 


the sodium salt and sodium chloride 





0. 10090 0. 09552 0. 35732 0. 35540 0. 35244 0. 34699 
- 06862 - 06497 - 37543 - 37437 - 37225 - 36799 
- 05057 . 04787 - 38962 . 38929 . 38790 - 38448 
. 03490 - 03304 . 40697 - 40751 - 40700 - 40465 
- 009558 - 009049 - 46604 - 46943 - 47179 - 47314 
. 007992 - 007566 - 47453 - 47849 - 48120 - 48335 
- 10093 - 03366 - 35677 . 35476 «35177 - 34628 
. 06271 - 02092 . 37871 - 37798 . 37591 . 37160 
- 04389 . 014637 - 39536 39534 - 39419 - 39104 

024710 - 008240 - 42188 - 42310 - 42339 . 42203 
° - 003118 - 46650 - 46976 47167 - 47372 
- 008496 - 002833 - 47086 - 47441 47651 - 47900 
- 006449 - 002151 - 48382 - 48796 49112 - 49427 
- 004350 - 001451 - 50277 . 50777 51184 51689 





Mixtures of p-phenolsulfonic acid, the potassium salt and potassium chlorias 























0. 10093 0. 04070 0. 35739 0. 35547 0. 35245 0. 34675 
. 05870 . 02367 - 38241 - 38170 . 37904 . 37582 
- 04216 - 01700 . 39752 39763 - 39661 - 39353 
. 02926 . 01180 - 41415 - 41500 - 41481 - 41271 
- 010018 - 004040 - 46338 . 46676 - 46896 - 47021 
- 008320 - 003355 - 47176 - 47546 . 47799 - 47975 
- 006217 - 002507 - 48524 - 48969 - 49292 - 49562 
. 003990 - 001609 - 50649 - 51192 . 51652 . 52090 
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sti 
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In table 1 values of the observed emf corrected to unit hydrogen 
pressure in the usual manner [13] are given for the temperatures of 10°, 
25°, 40°, and 60° C and for the various solutions of concentrations 
recorded in columns 2 and 3. After each experiment the solutions 
were withdrawn from the cells and analyzed for p-phenolsulfonic acid by 
the bromate method and tested for sulfinic acid, a possible reduction 
product, by the addition of dilute potassium permanganate. The 
sulfonate concentrations of all the solutions agreed with their original 
values within 0.2 percent and sulfinic acid was not detected. The 
steadiness of the emf over a considerable time period was also evidence 
that no reduction of the sulfonates had occurred. The values of the 
emf recorded are the average of duplicate measurements, all of which 
agreed within 0.10 millivolt. 


V. DISSOCIATION OF p-PHENOLSULFONIC AND 4-CHLORO- 
PHENOL-2-SULFONIC ACIDS 


It is well known that the determination of ionization constants of 
the order of 0.01 to 0.10 is a complicated procedure and involves several 
successive approximations for the determination of the hydrogen-ion 
concentration [11]. A briefer and more direct method was devised to 
circumvent these extensive calculations. According to eq 1, the emf 
of the galvanic cell is a function of known constants E°, R, T, and F, 
ee the unknown quantities m and f. Upon rearrangement, eq 1 

ecomes 


x07 TF t}98 (mame) =—log fafor) (2) 
or 
J=—log(fafe:) = —2 log fa (3) 


where 


J equals (E— E°)/(2.3026RT/F) +log(mgme;), and fs. 


denotes the mean activity coefficient. If it is assumed that the acid 
and salts are completely dissociated into ions, values of J/2 can be 
calculated, which give the mean activity coefficients of hydrochloric 
acid in the mixtures studied. Furthermore, by making this assump- 
tion, the values of J/2 must be similar to those for acids and salts 
which are completely dissociated into ions, and will be higher than 
those predicted by the limiting law of Debye and Hiickel [14]. On 
the other hand, if the values of J/2 do not conform to those for a com- 
pletely dissociated acid or salt, it will then be necessary to revert to 
the more complicated method of successive approximations in order 
to determine the degree of dissociation of the acids or salts. To illus- 
trate, values of J/2 were calculated from data given in the literature 
for a typical strong electrolyte (hydrochloric acid) and for a number 
of typical weak electrolytes which were investigated by a similar type 
of galvanic cell, using the values of H° determined be Harned and 


Ehlers [15] and the numerical values of R, T, and F given in a previous 
report [11]. Values of J/2 at 25° C for hydrochloric acid, the bisulfate 
lon (K=0.0120) formic acid (K=1.772 X10), acetic acid (K=1.754X 
10-5), and malonic acid (second step in its ionization) (K=2.014 x 107°) 
obtained respectively by Harned and Ehlers [15], Hamer [16], Harned 
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and Embree [17], Harned and Ehlers [18], and Hamer, Burton and 
Acree [11] are shown plotted in figure 2 as functions of the square root 
of the ionic strength. The dotted line (curve C) corresponds to the 
theoretical values of J/2 predicted by the limiting law of Debye and 
Hiickel. The data for hydrochloric acid fall above the dotted line, 
whereas the data for the weak acids (curves D, E, F, and @) fall below 
the dotted line. The weaker the acid, the farther are its values of J/2 
below the dotted line. In other words, the activity coefficients of those 
acids or salts which are completely dissociated into ions are greater 
than those predicted by the Debye-Hiickel equation, whereas those 
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Figure 2.—Plots of the negative of the common logarithm of the mean activity coefficient 
of hydrochloric acid, or values of J/2, in solutions of various acid-salt miztures 
against the square root of the ionic strength at 25° C. 


A, Hydrochloric acid; B, sulfonate-acid mixtures; C, values caleulated by means of the limiting law of 
Debye and Hiickel; D, sodium acid sulfate-hydrochloric acid mixtures; £, sodium formate-hydrochloric 
— amen F, sodium acetate-hydrochloric acid mixtures; and G, disodium malonate-hydrochloric 
acid mixtures. 


which are incompletely dissociated into ions are lower. Values of J/2 
obtained for the sulfonate mixtures investigated in this work are given 
in table 2 and are shown plotted as curve B in figure 2 at 25° C. All 
the data for the different sulfonate solutions lie on curve B within the 
limits of the scale used in constructing this figure. These values, like 
pure hydrochloric acid, fall above the dotted line. On the basis of 
this criterion, it follows that the sulfonic acid groups are completely 
dissociated into ions. In figure 3 the data for the three different 
p-phenolsulfonate solutions are shown plotted with respect to the 
square root of the ionic strength at 10°, 25°, 40°, and 60° C. The 
data all fall above those for the limiting law (straight line) and hence 
p-phenolsulfonic acid is completely dissociated at the four tempera- 
tures. In figure 4, similar data are plotted for 4-chlorophenol-2- 
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sulfonic acid mixtures. Obviously, similar conclusions regarding 
complete dissociation for these mixtures may be made. 


TABLE 2.—Activity coefficient of hydrochloric acid in sulfonate solutions at 10°, 
25°, 40°, and 60° C 








| 


Concentrations of solu- 





a a ae a < Activity coefficients at— 
water 

10° C 25° C 40° C 60° C 
HCl Salt 





obs. calc.* obs. cale.* obs. calc.* obs. cale.* 





Mixtures of 4-chlorophenol-2-sulfonic acid, the sodium salt and sodium chloride 











0. 10093 0. 20187 0. 740 0. 739 0. 735 0. 736 0. 728 0. 728 0. 713 0. 713 

. 07513 - 15027 . 750 . 749 . 747 . 745 . 739 - 738 727 . 724 

| .05147 . 10294 . 766 - 766 . 763 . 766 . 759 . 755 . 744 . 743 
- 02569 . 05138 . 800 . 803 . 799 . 803 . 794 . 794 - 781 . 784 

. 009676 - 019352 . 873 . 856 . 874 - 853 - 877 . 849 - 875 - 842 
008138 - 016275 - 877 - 865 . 879 - 862 . 888 . 858 . 886 - 852 

. 006236 . 012472 . 897 . 878 . 899 . 875 . 900 . 872 . 889 . 866 

. 004343 . 008686 - 901 - 894 . 903 - 892 - 900 - 889 . 889 . 884 























| 
| Mixtures of p-phenolsulfonic acid, the sodium salt and sodium chloride 
| 


| 0. 10090 0. 19642 0. 749 0. 742 0. 744 0. 742 0. 735 0. 734 0. 716 0. 716 
| . 06862 . 13359 . 759 . 755 . 756 . 753 . 748 . 746 . 731 - 731 

. 05057 - 09844 . 770 . 768 . 767 - 766 - 760 . 760 . 744 . 747 
| 03490 . 06794 . 782 . 788 . 780 . 785 . 773 . 779 . 758 . 768 

. 009558 - 018607 . 851 . 858 . 853 - 856 . 849 - 852 . 840 - 845 
| 007992 - 015557 . 855 . 867 . 855 . 865 . 853 . 861 . 840 - 855 
| . 10093 . 13459 . 757 . 749 . 753 . 748 . 744 - 731 - 725 . 725 
| .06271 . 08363 .777 . 769 -771 . 767 . 765 - 761 - 751 . 748 
| . 04389 . 05853 . 789 . 788 . 736 . 785 . 779 .779 . 764 . 768 
| ,02471 - 03295 814 - 820 - 813 - 817 - 805 . 812 - 791 . 803 

. 009350 . 012469 . 862 . 871 . 866 . 868 . 870 - 865 - 850 . 859 
| + 008496 . 011329 . 867 - 875 - 871 . 873 875 . 869 . 853 - 864 
| . 006449 . 008600 . 876 . 888 . 881 . 886 . 879 . 882 . 861 . 877 
| .004350 . 005801 . 880 - 904 . 888 - 902 . 888 . 899 - 861 - 895 





Mixtures of p-phenolsulfonic acid, the potassium salt and potassium chloride 

















0. 10093 0. 14163 0. 748 0. 748 0. 743 0. 747 0. 734 0. 740 0. 719 0. 724 
. 05870 . 08237 . 770 771 - 766 . 769 . 759 - 762 - 745 . 750 
- 04216 . 05916 . 786 - 788 . 782 . 786 775 . 780 - 762 . 769 
- 02926 . 04106 . 805 - 808 . 804 . 806 . 797 . 800 . 786 - 791 
010018 . 014058 . 857 - 866 . 857 . 863 - 854 . 860 - 843 . 854 
- 008320 . 011675 . 869 . 875 - 871 . 873 . 869 . 869 - 860 . 863 
- 006217 - 008724 . 883 888 - 884 . 886 . 882 - 883 872 . 878 
- 003990 - 005599 . 890 . 902 875 . 898 























| 907 894 905 , 888 





* Calculated by eq 4. 


The values of J/2 or —log fs recorded in the tables vary with the 
ionic strength in a manner typical of strong electrolytes. This varia- 
tion may be represented b the Hiickel extension [19] of the Debye- 
Hiickel equation for Gatoulest ions, namely, 


=1/2 log ffi) = —log fa =A at By ) 


where A and B are constants whose numerical values depend upon 
various natural constants, 6 is an empirical constant expressing in 
part the interactions of the nonpolar hydrogen and chloride ions with 
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the polar phenolsulfonate ions [8, 9, 32] analogous to Kirkwood’s 
treatment of ampholytes [20], a; is the so-called closest distance of 
approach of the ions; and yu is the ionic strength of the mixtures, 
Molality was used as the concentration unit in this equation, following 
the suggestion of Scatchard [21]. Values of a; and 8 were determined 
for each series in the usual manner by substituting two measured 
values of —log f. and their corresponding ionic strengths in the above 
equation and then solving the two simultaneous equations for the un- 
knowns. It was found that the best value for a; was 3.5 A for the 
four series and that 8 has values at the temperatures of 10°, 25°, 40°, 
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Figure 3.—Plots of the negative of the common logarithm of the mean activity co- 
efficient of hydrochloric acid, or values of J/2, in solutions of sodium and potassium 
p-phenolsulfate, sodium and potassium chloride, and p-phenolsulfonic acid against 
the square root of the ionic strength. 


O, @, and © represent, respectively, values of 2:1, 4:3, and 7:5 for the ratio of sulfonate concentration to 
hydrochloric acid concentration. The curved line represents the calculated values and the straight line 
corresponds to the values given by the limiting law of Debye and Hiickel. 


and 60°, respectively, of 0.121, 0.126, 0.127, and 0.117 for 4-chloro- 
phenol-2-sulfonic acid and 0.125, 0.137, 0.137, and 0.124 for p-phenol- 
sulfonic acid. Values of —log f. calculated by eq 4 are given in table 
2. At all the temperatures, the calculated and observed values of 
—log+f. agree with a mean deviation of +0.002 for the concentrated 
and +0.023 for the most dilute solutions of the 4-chlorophenol-2-sul- 
fonate series, and +0.006 for all the concentrations of the sodium and 
potassium p-phenolsulfonate series. It is apparent, however, that 
a smooth curve drawn through the observed values for the most 
dilute solutions of the p-phenolsulfonates would be slightly concave 
toward the axis of abscissas. Robinson [22] observed a similar be- 
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havior for pure salts of sulfonic acids, which may be attributed in part 
to the presence of ‘‘ion pairs” arising from the resonant, polar structure 
of the phenolsulfonates [8, 9, 32]. The value of a, found here is nearly 
equal to Bjerrum’s [23] critical value and may indicate, although not 
conclusively, that ‘ion pairs’ are present. Their presence, however, 
does not alter the conclusion that these sulfonic acids are almost com- 
pletely dissociated into hydrogen and sulfonate ions, since “‘ion pairs” 
result from electrostatic forces. 
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FicurE 4.—Plots of the negative of the common logarithm of the mean activity coeffi- 
cient of hydrochloric acid, or values of J/2, in solutions of sodium 4-chlorophenol-2- 
sulfonate, sodium chloride and 4-chlorophenol-2-sulfonic acid against the square 
root of the ionic strength. 


Circles represent the experimental values, the curved line represents the calculated values, and the straight 
line corresponds to the values given by the limiting law of Debye and Hiickel. 


VI. CALCULATIONS OF THE pH VALUES OF THE ACID- 
SALT MIXTURES 


The pH value of a solution is defined as the common logarithm of the 
reciprocal of the hydrogen ion activity, expressed by the equation 


pH=—log dy=—log(mu fu). (5) 


In section V, values of f. for the acid-salt mixtures were given. With 
the assumption that fa=f. in these mixtures, it is possible to calculate 
their pH values. They were computed at the four pra ria seg by 
using both the experimental and calculated values of the mean ac- 
tivity coefficients and the known values of the hydrogen-ion con- 
centrations (i. e., of the hydrochloric acid) in these mixtures and are 
given in table 3. The pH values computed from the experimental 
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and calculated values of the activity coefficients agree within +0.004 
at the four temperatures. 


TABLE 3.—pH values of sulfonate solutions at 10°, 25°, 40°, and 60° C 











Concentrations of solu- | PH values at— 
tions in moles of sol- | 
utes per 1,000 g of 
water 10° C 25° C 40° C | 60° C 








obs. cale. obs. cale. obs. cale. obs. cale. 








™m,=™3 | ™2 





Mixtures of 4-chlorophenol-2-sulfonic acid, the sodium salt and sodium chloride 
























































0. 10093 0. 10094 1.127 1.127 1.129 1.129 1, 134 1, 134 1. 143 1. 143 
7513 . 07514 1. 249 1. 250 1. 251 1, 252 1. 255 1. 256 1. 262 1. 264 
05147 . 05147 1. 404 1. 404 1. 406 1. 404 1. 408 1. 410 1.417 1,417 
02569 . 02569 1. 687 1. 686 1. 688 1. 686 1. 690 1. 691 1. 698 1. 696 
009676 . 009676 2. 073 2. 082 2. 073 2. 083 2. 071 2. 085 2. 072 2. 089 
008138 . 008138 2. 146 2. 152 2. 146 2. 154 2.141 2. 156 2. 142 2. 159 
006236 . 006236 2. 252 2. 262 2. 251 2. 263 2. 251 2. 265 2. 256 2. 267 
004343 - 004343 2. 407 2.411 2. 407 2. 412 2. 408 2. 413 2. 413 2.416 | 
Mixtures of p-phenolsulfonic acid, the sodium salt and sodium chloride 
0. 10090 0. 09552 1.122 |* 1.126 1. 125 1. 126 1. 130 1. 130 1.141 1.141 
06862 . 06497 1. 283 1, 286 1. 285 1. 287 1. 289 1. 291 1. 300 1, 209 
05057 . 04787 1. 409 1.411 1.411 1, 412 1.415 1. 416 1. 425 1, 423 
03490 . 03304 1. 564 1. 561 1. 565 1. 562 1. 569 1. 566 1, 577 1, 572 
009558 . 009049 2. 090 2. 086 2. 089 2. 087 2. 091 2. 089 2. 096 2. 093 
007992 . 007566 2. 165 2. 159 2. 165 2. 161 2. 167 2. 162 2.173 2. 166 
10093 03366 1.117 1, 122 1,119 1.122 1.125 1.127 1. 136 1. 136 
06271 02092 1. 312 1.317 1.316 1. 318 1.319 1. 322 1. 327 1. 329 
04389 01464 1. 460 1. 461 1. 462 1. 463 1. 466 1. 466 1.474 1.472 
02471 008240 1. 697 1. 693 1. 697 1.695 1.701 1. 698 1. 709 1.702 | 
009350 003118 2. 094 2. 089 2. 091 2. 091 2. 090 2. 092 2. 100 2.095 | 
. 008496 . 002833 2. 133 2. 129 2.131 2. 130 2. 129 2. 132 2. 140 2.134 | 
. 006449 . 002151 2. 248 2. 242 2. 245 2. 243 2. 246 2. 245 2. 255 2. 247 | 
. 004350 . 001451 2.417 2. 405 2. 413 2. 406 2. 413 2. 407 2. 427 2. 410 | 
Mixtures of p-phenolsulfonie acid, the potassium salt and potassium chloride | 
0. 10093 0. 04070 1. 122 1, 122 1, 125 1.123 1. 130 1.127 1. 139 1. 136 | 
. 05870 . 02367 1. 345 1. 344 1. 347 1. 346 1. 351 1. 349 1. 359 1.356 | 
. 04216 . 01700 1. 480 1. 478 1. 482 1. 480 1. 486 1. 483 1. 493 1, 489 | 
. 02926 . 01180 1. 628 1. 626 1. 629 1. 628 1. 632 1, 630 1. 638 1. 636 | 
010018 . 004040 2. 063 2. 062 2. 066 2. 063 2. 068 2. 065 2. 073 2. 068 | 
008320 - 003355 2. 141 2. 138 2. 140 2. 139 2. 141 2. 141 2. 146 2.144 | 
006217 . 002507 2. 259 2. 258 2. 260 2. 259 2. 261 2. 261 2. 266 2. 263 | 
| 003990 . 001609 2. 450 2. 442 2. 448 2. 443 2. 451 2. 444 2. 457 2. 446 | 











Although these solutions do not have as large a buffer capacity as 
do solutions prepared from a weak acid and its salt, they do have a 
slight buffer capacity, of approximately the same magnitude as hydro- 
delenis acid—sodium chloride mixtures [24] frequently used for the same 
range of-pH. When a solution containing 2 parts of sodium chloride 
and 1 part of hydrochloric acid is diluted from an ionic strength of 0.3 
to 0.03, it shows a change in pH of +-0.933. A change of +0.924 occurs 
for a similar dilution of a solution containing 2 parts of sodium 
4-chlorophenol-2-sulfonate and 1 part of hydrochloric acid, and 4 
change of +0.933 occurs for a similar dilution of a solution containing 
2 parts of sodium p-phenolsulfonate and 1 part of hydrochloric acid. 

The pH values of these solutions increase linearly with the tempera- 
ture at a rate of 0.00025 to 0.00045 pH unit per degree, depending 
upon the concentration. This variation is in accord with the genera 
behavior of buffer solutions in that the pH of solutions of low pH 


inc 


sta 
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increases with a rise in temperature and decreases for solutions of 
high pH [25, 26]. They are therefore very suitable for use as pH 
standards. 


VII. DISCUSSION 


The conclusion that the sulfonic acid groups in p-phenolsulfonic and 
4-chlorophenol-2-sulfonic acids are completely dissociated into hydro- 
gen and sulfonate ions in solutions of an ionic strength of 0.3 or less 
and at temperatures of 10°, 25°, 40°, and 60° C agrees with results 
obtained by electrical conductivity and spectrophotometric measure- 
ments. It may be concluded that the same group in indicators of 
similar structure will likewise be completely dissociated in dilute 
solutions, a conclusion previously arrived at = Wingfield and Acree 
(1]. An extension of this conclusion to more complex compounds 
must be made with caution, however, since sulfonic acids of large 
molecular weight have a tendency to exhibit colloidal characteristics. 
Although the results of conductivity measurements on a series of 
straight-chain sulfonic acids [27] show that the sulfonic acid group is 
completely dissociated, they also indicate that there is a gradual 
transition from typically strong electrolytes to well-marked colloidal 
electrolytes consisting of ‘‘ion micelles” as the number of carbon atoms 
increases from 2 to 14, with heptyl and nonyl acids occupying an 
intermediate positien. A similar study of a series of aromatic sul- 
fonic acids [28] also indicates the complete dissociation of the sulfonic 
acid group but a smaller tendency to form ion micelles than for 
prs ape sulfonic acids containing the same number of carbon 
atoms. Another series of measurements indicates that halogen 
substitution in the ring increases slightly the tendency to form ion 
micelles [29]. The critical concentration at which ion micelles first 
appear is generally very low and may be as small as 0.0004 N [301. 
This critical concentration is also greatly decreased on the addition 
of neutral salts [31]. Hence in most cases ion micelles may be 
present in very dilute solutions of complex sulfonic acids, especially 
after addition of large concentrations of salts. The optical properties 
of solutions of less complex phenolsulfonate buffers and of sulfonaph- 
thalein indicators show that the presence of ion micelles is highly 
improbable. Nevertheless, cognizance must be taken of their pos- 
sible existence in the presentation of data on theories and use of 
indicators as pH standards. 
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AXIAL RIGIDITY OF PERFORATED STRUCTURAL 
MEMBERS 


By Martin Greenspan 





ABSTRACT 


Formulas are derived for computing the over-all lengthening (or shortening) 
of a tension (or compression) member Ravine a uniform gross cross section and a 
series of similar perforations of circular, elliptical, or “ovaloid’”’ shape uniformly 
distributed along the length. 

Tests made on strips having circular perforations show that the applicable 
formula gives good results over the practical range of the variables. 
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I. INTRODUCTION 


_The work reported in this paper is part of an investigation at the 
National Bureau of Standards on perforated cover plates. The results 
of tests on a large number of columns having perforated cover plates 
have been reported [1].!. From these results may be computed a value 
for each perforated column of an “axial rigidity factor’, K, which is 
the ratio of the axial rigidity of the column to the axial rigidity of an 





' Figures in brackets indicate the literature references at the end of this paper. 
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unperforated, but otherwise similar, column. The axial rigidity, R 
of a tension or compression member of length L is defined from 


_ PL, 
C= R ’ 


where P is the axial load and e the lengthening or shortening of the 
member, and P/e is constant. For a member of uniform cross-sec- 
tional area A,, R=EA,, where E is Young’s modulus of elasticity. 

In this paper are derived formulas for computing the axial-rigidity 
factor of a member having a uniform gross cross section and a series of 
similar perforations of circular, elliptical, or “‘ovaloid”’ shape uniformly 
distributed along the length. Such formulas may find application 
whenever information concerning displacements in a structure having 
perforated members is required. Examples are the analysis of in- 
determinate structures and the computation of the camber of trusses, 

The results of some tests on tension members having circular 
perforations are reported and compared with the values computed 
from the applicable formula. 


’ 





or 


II. A REDUCTION OF THE PROBLEM 


Consider a long tension (or compression) member of uniform gross 
cross section, containing a series of similar perforations spaced uni- 
formly along the length. The member is supposed subjected to an 
axial des P, and it is desired to study the over-all deformation in the 
axial direction produced by the load. 

For this purpose the member is considered divided into similar 
bays of length 2/, each bay containing one perforation. If the per- 
foration has symmetry about an axis perpendicular to that of the 
tension member, the analysis may be confined to a half-bay of length /. 
The problem is now to determine the over-all extension of the half-bay 
when subjected to a load, P, distributed over the net area, A,, on 
one end, and over the gross area, A,, on the other end, in such a manner 
that these ends remain plane (fig. 1, a). 

With the z-axis taken parallel to the outer elements of the member, 
and the origin of coordinates on the transverse axis of the perforation, 
the problem is to find the displacement, u;, of the end z=l, that of the 
end z=0 being taken as zero. The z-components of the displacements 
. points on the bounding surface of the perforation will be denoted 

Up. 
. 2 oa in addition, a state of stress in the member consisting of a 
uniform normal stress ¢,=P/A, throughout, all other stresses being 
zero (fig. 1, b). This stress could be maintained by surface loads 
+P/A, per unit of projected (on the yz-plane) area, positive on the 
right end and negative on the left end, of the member. The displace- 
ment of the end z=1 is Pl/A,E. 

To these two states of stress, namely (a) that prevailing in the 
original problem, and (b) that characterized by a uniform stress, 
the reciprocal theorem ? may be applied. This theorem states that 
the work done by the external forces which correspond to the first state 
acting through the displacements which correspond to the second 
state is cout to the work done by the external forces which corre- 


2 See p. 173 of reference [2]. 
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spond to the second state acting through the displacements which 
cnenieed to the first state. Hence 


1 Pl 
a4 hs 3/z 5 -u,dydz= =o A (E’ 





or 






“7k otk fe ydz, (1) 


where the integration is to be taken over the projection on the yz- 
plane of the bounding surface of the perforation. 
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u=0 


X=(%)) 
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(b) 


Ficurs 1.—Two states of stress in a half-bay of the member. 
(a) The cross sections z==0 and s=/ remain plane; (b) uniform stress, in the axial direction, throughout. 


In an unperforated member of the same gross dimensions and 
subjected to the same load as the perforated half-bay, the displace- 
ment, u’,, of the end z=1 is 

Pl 
“a3 
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The ratio of the axial rigidity of the perforated member to that of 
the unperforated member is the same as the ratio of these displace. 
ments. Hence 
1 


1+ Ff usdude 


Equation 2 enables the computation of K, provided the values o{ 
u, can be determined. If the problem be restricted to the Case 
where the perforation occurs in a relatively thin plate of constanj 
thickness, t, then the material in the neighborhood of the perforation 
may be considered to be in a state of generalized plane stress. Then 
for certain shapes of perforation, such as circular and _ elliptical, 1, 
can be estimated by assuming, at least for values of / and of the width 
of the plate sufficiently large in comparison with the dimensions of 
the perforation, that uw, has the same value as in an infinite plate 
having one perforation and subjected to a uniform load at a large 
distance from the perforation. 


Kot fu 


Ui 





(2) 


III. CIRCULAR AND OVALOID PERFORATIONS 


1. KIRSCH’S PROBLEM 


(a) THE DISPLACEMENTS 


The problem of a small circular hole in a plate subjected to a uniform 
tension, S (fig. 2), in the (say) z-direction at a large distance from the 


y 


he Oe Pe ee 
oe eS Peng 























Figure 2.—Circular hole in plate subjected to uniform tension in one direction. 


hole was solved by Kirsch [3] for the case of plane strain. It is con- 
venient to solve for the displacements in the case of plane stress by 4 
method? depending on a knowledge of the Airy stress function, ¢. 
The function, ¥, defined, in the absence of body forces, by 

OY Fb Tb _ ony 

oriy Oz? Toy : 
with y adjusted by means of the arbitrary functions of integration (0 

3 See Pp. 130 of reference [4]. 
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the form f,(z)+f2(y)), so that v*y=0, is called the displacement func- 
tion. The z-component of the pee is given by 


jus Ov _ (44. i (3) 
where v is Poisson’s ratio. 


The solution to Kirsch’s problem is given by the stress function * 





NG 
o=9 | p20 log r— S > ) cos 20 | (4) 
where a is the radius of the circle (fig. 2), so that 


Vio= 5ehy (1 mm 20) =8| 1-20 | 


From which 


Y= ny—2a° tan" +e(?—y*)+dr+eyt+f, (5) 
and 


The primitive of y is too so that the arbitrary functions of 
integration represented by the last four terms in eq 5 are merely the 
most general harmonic function of the form /,(x) +/2(y). 


From eq 4 
0 s — 
=5 aloe (3y’—z2")- (7) 


Substitution of dy/dy from eq 6 and 0¢/dz from eq 7 in eq 3 gives 


u=5| +a —2cy+e— a a ty 3y? —2) | 





vy" "Ce+y) 
The condition u=0 for z=0 gives c=e=0, so that finally, 
_S Zaz 1+y , 2?+y'— 
u=3| +a pas a*x @+y) © ay? —x)} (8) 
For points on the circle z?+y’=a’, eq 8 becomes 
38. 
Uy =" (9) 


Equation 9 gives the value of u, that should be used in eq 2 to 


obtain K. 
(b) THE LOAD 


It remains to determine the value of P in eq.2.. Consider the strip 
bounded by the lines y=-+:na. If ¢ is the thickness of the plate, the 


‘See p. 484 of reference [4]. 
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total load carried by the strip ie P’=:2 f, “abies tela lend i & tine 


tion of x/a, and will vary along the length of the strip from z=a to =|, 
However, this variation is small for sufficiently large n, as is easily 
shown. From eq 4 


_ Op ___ 5a’ a’ (2y’+-3a*) 
= 5a-S|1 2e+y)? 2 +y) 


_ 4a*y*(2y? +30’) s 12a*y* | 
ery Tey 








and with the notation, z=ma, 





a me ~ 1 __4m?+1 2m? 
P =f o,tdy=2Snat E 2 (m?-+-n?) 2(m?+n?)? aera | (10) 


From eq 10 it may be computed that for given n, P’/2Snat will vary 
from its value at m=O by not more than 2 percent for the following 
values of n and m: 


n=3, m6 
n=24, m¥13 
n>5, any m. 


Hence P’ may be taken as its value at m=O, that is, as the load 
transmitted by the strip across the minimum cross section, or 





a ener 
P =2Snat{ 1-55 =~ 

P’ may be used for P in eq 2 if x. be interpreted as 

ur. ae 

A,/2at-=7 77,’ 

hence 

1 1 

P=SA,(1-355—573)=SA,O(n), (11) 


say. C(n) may be considered to be a correction factor depending on”. 
2. AXIAL RIGIDITY FOR CIRCULAR PERFORATIONS 


Substitution of u, from eq 9 and P from eq 11 in eq 2 gives 
1 


i an oe 
1+ Om) Ay f etd 


The integral above is one-half of V, the volume of the perforation, 
and A,/ is one-half of V,, the gross volume of one bay of the tension 
member. Hence 
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ni Sema 
, he, Be (12) 
‘|, C(n) V, 
y 


3. AXIAL RIGIDITY FOR OVALOID PERFORATIONS 


An ‘“‘ovaloid” perforation is one having the shape of a rectangle with 
a semicircle erected on each end. Consider a tension member having 
an ovaloid perforation with dimensions as shown in figure 3 and with 
































Y 
a is Ph .. 
i] ( 
* I wall 
4 -_ a 
2-4 | 
2 
FigurE 3.—Ovaloid hole in plate subjected to uniform tension parallel to long azis 
of ovalotd. 


the long axis of the perforation in the direction of the load: As an 
approximation, u, may be taken as its value in Kirsch’s problem plus 
Pl,/A,E, that is, 


_Ph ,3P@—h)_  PfA, , 3 ,_),], 
“=A Et Cn)A,E EAL Atom) @ 1) | 





Substitution of this value of uw, in eq 2 gives 


ies 1 . 


As before, A,l is one-half of V,, the gross volume of one bay; 
Jltdy is one-half of V,, the volume of the rectangular portion of the 
perforation; and /(x—l,)tdy is one-half of V,, the volume of the 
circular portion of the perforation. Hence 


K 





1 3 
K 5 (13) 
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IV. ELLIPTICAL PERFORATIONS 
1. GENERAL 


The problem of a small elliptical hole in a plate subjected to uniform 
tension, S, in any direction at a large distance from the hole was 
solved by Inglis [5]. The method of Inglis amounts to assuming 
expressions for the displacements in the case of plane strain and deter. 
mining constants to satisfy the state of stress at the boundary. The 
solution as given is not directly applicable to the determination of the 
displacements in the case of plane stress; hence it is proposed to repeat 
the solution using expressions for the displacements suitable for plane 
stress. 

2. CURVILINEAR COORDINATES 


If two sets of curves are defined by 
Ai@y) =a, Sr(x,y) =B, (14) 


then a pair of values (a, 8) defines the points at which the correspond- 
ing curves (14) intersect, and (a, 8) are curvilinear coordinates in the 
z, y-plane. As a special case, the functions of eq 14 may be obtained 
by equating real and imaginary parts of both sides of 


w= F(z), (15) 


where w=a+i8 and z=z+iy. In this case the transformation from 
the w- to the 2-plane is conformal, and the two families of eq 14 are 
orthogonal. The expression 


le 
dw h°’ 


- (16) 
defines the ‘‘stretch ratio,” 1/h, of the transformation, and gives 4, the 
inclination of the curve, 8=constant, to the z-axis. _ 

If u_ and ug are the components of the displacement in the directions 
a-increasing, 6-increasing, respectively, and 


U=Uelh, v=Usz/h, (17) 
the components of strain are 
Ou ,u Oh? voOh? 


co Oa 2 Oa 2 Of 

Ov, v Oh? = uw Oh? 
=N56T5 OB 2 da’ 

Ov , Ou Oh? , Oh? 
yon=H( 52-455 tugs +057} 





and the surface dilatation is 
ou , Ow 
e=€at+es= mS + oa) 


a(S ' 
oO 2\da OB 


The rotation is 
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For plane stress and in the absence of body forces, e/(1—v)+-iw is a 
function of z, and hence of w, or 


are 
[ay t= (wv). (21) 

The stresses are related to the strains by Hooke’s law, which for 
plane stress is 


, 


C2 (te + veg) ’ 


E 
"“={_)3 (eg-+ve€q), 


pe? 2S 
Tap 5 (i+ v) Ya8) 


where EL is Young’s modulus of elasticity, and v is Poisson’s ratio. 





3. ELLIPTICAL COORDINATES 
Elliptical coordinates are obtained by writing for eq 15 
z=c cosh w, 
from which 
x=c cosh a cos 8, y=c sinh a sin £. (24) 
Elimination of 6 from eq 24 gives 
a y’ 


’ =} 
c® cosh? ata sinh?a ’ 





(25) 
afamily of confocal ellipses with foci at (+c, 0) and with semiaxes 
ccosh @ and ¢ sinh a (fig. 4). Elimination of a from eq 24 gives 
| ie 
c’ cos’? B c’sin? Bp’ 


a family of hyperbolas confocal with and orthogonal to the ellipses of 
eq 25 (fig. 4). 





For large a, the elliptical coordinates (a, 8) approach the polar 
coordinates (r, 6) in the following manner: 


 ¢ 
lim =e*=r, 


a=oo 2 
lim B=8. 
Eq 16 becomes 


=ze=e sinh w 


from which 
“on 2 
~ ¢(cosh 2a—cos 28) 
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and 
tan ¢=coth a tan 8B. (27) 
Also, 
oF 4 sinh 2a (28 
da __—c* (cosh 2a—cos 28)” 28) 
ohn? 4 sin 28 : 99 
0B ¢ (cosh 2a—cos 28)? (29) 
d 
sm Y § 
= | a9 
i7 in 
55 ’ 
2 
.20 \ 
0 
17: x 
2c 
? 
4 17 
3 
5 1T 
Ficure 4.—Elliptical coordinates. 
Denote by a=ay the ellipse 
2 
Z+0= i. (30) 
Then on the ellipse (eq 30), from eq 24 and 25, 
c cosh a=a, c sinh a=), 
cos B=", sin B=) 
7 > (31) 
cos 28=5-%, sin 2p=—, 
2 2 
cosh 20y=— + ’ ett, 
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and from eq 27 and 31, 
b ; a 
cosg=hyz, sin o=hizy, (32) 


where hy is the value of h on a=ay. 
4. INGLIS’ PROBLEM FOR PLANE STRESS 
The conditions of this problem may be satisfied by taking eq 21 as 


e . — 
Ty t= % sinh w’ - 
where n is any integer and ¢, is a real constant for any n. Substitution 
in eq 33 of the expressions for e and w given in eq 19 and 20 gives, 


upon equating real and imaginary parts, 


se eS 2 Neate ~@—Dacos(n+ 1) B—e~* «cos(n— 1) 8), 
ov Ow (4) 
a a =c’e,[—e7 Dasin (n-+1)B-+e~ “+ esin (n—1) 6]. 


The solution of eq 34 is 


u=a,[(n+p)e~-*cos(n+ 1) B+ (n—p)e~* 2c08(n—1) 6] +4, 
v=d,[(n—p)e~~ sin (n+ 1) B+ (n+p)e~“* 28in (n— 1) 6] + ¥, 
where 
ia 
 fabp’ 
d, 1s constant for any n, and u=¢, v=y, is the solution of the homo- 
geneous equation corresponding to eq 34. Suitable values of ¢ and y 


are 
o=bne~™*cos m8, y=b,e-™*sin m8, 


where m is any integer and 5,, is constant for any m. Hence 
u=a,[ (n+ p)e~- *cos(n-+ 1) B+ (n—p)e~* *c08(n— 1) 6] 
+b,e~™*cos mB, 


v=d,[(n—p)e~ *sin (n+ 1) B+ (n+p)e~*Y sin (n—1) B] 
+b,,e-™*sin mB. 


(35) 


The strains may be calculated from eq 35 by means of eq 18. 
These are given by 


(cosh 2a—cos 28)*ez=Nda{ (n—2+ p)e~"-*cos(n+3) B 


+ (n+2—p)e~“™cos(n—3) 6 

—[(n+p)e"°-« 4-2 (p—1)e-*2]cos(n+1) 8 
—[(n—p)e~@*2—2 (p—1)e--2]co8(n— 1) B} 

—brf (Ot 1)e~ ("Pat (m— 1)e~(** e]c0s mB 

— (m+ 1)e-™*cos(m—2) B—(m—1)e-™*cos(m-+-2) B}, 
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c?(cosh 2a—cos 28)*es=na,{ —(n—p)e~- *cos(n+3) 6 
— (n+p)e“*™2c0s(n—3) B 
+[(n-+2—p)e~ “922 (p—1)e-“*Y2]c08(n+ 1) 8 
+ [(n—2-4 pea. 9(p—1)e-"-Deloos(n—1)} 
+bm{[(m+ 1)e~™—- «+ (m— le“ 2I]c08 mB 
— (m+ 1)e~™*cos(m—2) B— (m—1)e~™“cos(m-+-2) B}, 


S(cosh 2a—cos 28)*yag=Nd_{ (n—1)e~%- ¢gin (n+3) B 


+ (n+ 1)e—“* sin (n—3) B 
ut af ill agin (n+ 1) B— (n—1)e~“* 48in (n—1) 8} 
bm{[(m+1)e—"— 2a (m— 1)e~(™* «]gin mB 
— (m—1)e-"4sin(m+2) 8— (m+1)e-™sin (m—2) B}. 
Substitution of these expressions in eq 22 gives for the stresses 
(cosh 2a—cos 28)?¢,.=An{ uo AMP eR 
+ (n—1)e-“* «e0s(n—3) B 
—[(n+3)e—@-a4 4e-M+De]eos(n-+1) B 
—[(n—3)e—@*)a—4e--YDa]eos(n—1) B} 
+Bn{—[(m+ le" e+ (m—1)e-"™* «]eos mp 
+ (m+ 1)e-™*cos(m—2) B 
+ (m—1)e~™*cos(m+-2) B}, (36a) 


(cosh 2a—cos 28)?0g,=A,{ —(n—3)e—"- 2c0s(n+3) B 
— (n+3)e-“* 2¢08s(n—3) B 
+[(n—1)e- 9a 4¢-+De]egs(n+-1) B 
+[(n+1)e“@*)24-4¢e--Ya]cos(n—1) B} 
+Bm{[(m-+1)e~™—-2-+ (m—1)e-™*)2]cos mB 
— (m-+1)e—™*cos(m—2)B 
— (m—1)e~™*cos(m+2) B}, (36b) 


(cosh 2a—cos 28)?7ag=An{ (n—1)e~"- sin (n+-3) B 
+ (n+1)e—* 2sin (n—3) B 
—(n+1)e—® ¢gin (n+ 1) 8 
— (n—1)e—™*) agin (n— 1) B} 
+Bn{ —[(m+ 1)e~ a (m— 1)e—* e]sin mB 
+ (m+1)e-™*sin (m—2) B 


+ (m—1)e~™4sin(m+2)B}, (36c) 
where 
nE E 
A= Gye  Ba=qy yen 7) 


This solution can be adapted to the case of an elliptical hole (eq 30) 
in a large plate subjected, at a large distance from the hole, to the 
uniform stresses ¢,=S,, 7y=S,, tzy=0. The boundary conditions in 
elliptical coordinates are 


Fa=Tap=0, (a=a4); 


oo= Set 54 Ss = Sc0s 26, 


ai > (38) 
apn Set Ss _S—Sroog 09 








Tap — 5: Stein 2B, (a=o ). 
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These conditions can be satisfied by summing the solutions (eq 36) 
forn=1, —1;m=2, 0, —2; with values for A,, By, 


, 





ws 1 1 
A="F(S:—S))—74(S:+S,), Au=—-4(S,+5,), 
By=—7(S.—S,) +24 2%(S,+-8,), | (39) 

4a 
By=—-GUS:-S), — Ba=G(S.—S,). 





The stresses are given by 


S,—S, 
8 


¥{ —[e?4—2Q¢?a9-+ ¢72a,-2)] cos 48 





(cosh 2a—cos 28)*o,= 


+ [eta —4e%(a,t@) + 3 (tay t 1) —4e%la,-a) 4 g(a -a)] cog 2 B 
ee e221 42a, __ (3e*%+ 2)e~24-+- 2¢?(a,—2a) } 


+5215 y(cosh 2a—cosh 2ap) sinh 2a, (40a) 





(cosh 2a—cos 26) op 92 Sry [e?*-+- 264) -+ ¢7a,-@)] cos 48 


—[e**+3 (649 +1) +86%%-2)+-e445-] cos 28 
+ era + 47a, + (Be*@9+ 2)e72 + Qe?a,-2a) } 

















+ 5159 cosh 2a+cosh 2a)—2 cos 28) sinh 2a, (40b) 

(cosh 2a—cos 26) rape SH feta gay-0] sin 48 

— [ete +-2¢%(a,+a) — Zeta, 1 4 2e%a,-a) _ ea —a)] sin 2B} 

S,+S, i 
+7 *(cosh 2a—cosh 2a) sin 28. (40c) 
From eq 37 and 39, 
= ITC i644(8,—S,)— (S48), a= tt2g. 1.9) 
i> 16 0\Oz v z v/s —1-— 16E zT My}, 
h= TT 9e'14 cosh 2a0(S,-+8,)—4(S,—S,)], ) (41) 
1+v)c? 1-+y)¢? 

he TE pe(S.—S)), b= TENA (g,_ 5), 





Substitution of the constants (eq 41) into eq 35 gives, in con- 
sideration of eq 17, for the displacements 


j= (S.—S,) {4¢70 cos 28—2(1—x)e*ag=” 
+ (1+ )[(e?«—e?®-) eos 28—2]} : ve 
—2(S,+8,)[2 cos 28—(1—v)cosh 2a—(1+-v)cosh 2a,], (42a) 
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SF us=—(S.—S,){2(1—v)eteo+ (1+ v)eter-= +e] }sin 28. (42) 


On the boundary a= «a the displacements vu, and us of eq 42 assume 
the values 


te =FF{(S.—S,)(€* 008 26-—1) + (S.-+5,) (cosh 2ay—cos 26)], 


, (43) 
Us= — et (S.—S,)e sin 28. 


The components of the displacement along the z- and y-axes are 
obtained from eq 43 by the simple resolution 


Uz=Ueg COS $—Ug SiN ¢, 
. (44) 
Uy=Ue SIN +z COS ¢. 


Substitution in eq 44 of the values of u, and ws from e 7 43 and of 


sin ¢ and cos ¢ from eq 32 gives, after reduction effected by means 
of eq 31 
b 
-[***(s,-s)+28.+8) |i» (45) 
b 
w= —| FS.- 8) FS. +S) | (4) 


These are the rectangular components of the displacement on the 
bounding ellipse a=ap, or (2?/a”) + (y*/b?)=1. 


5. AXIAL RIGIDITY FOR LOAD PARALLEL TO MAJOR AXIS OF 
ELLIPSE 


In this case the value to be substituted for wu, in eq 2 is the value of 
uz from eq 45 with S,=0, that is, 


tip= (1422) (47) 


It has been shown * that the correction factor to be applied to the 
load P of eq 2 is approximately independent of the shape of the 
elliptical hole. Hence, for most practical cases, P is given by eq 11 
(derived for a circular hole), i. e., 


P=8,A( 1-33-53) =S. A,O(n), 
where 
A, 
oie | ae ye 


5 See p. 545 of reference [4]. 
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Equation 2 becomes 
K= ‘. (48) 


142? a 1422 
1+ oq i 1+ Tiny yv,’ 


where Vg is the volume of the peoenten and V, is the gross volume 
of one bay of the tension mem 





§. AXIAL RIGIDITY FOR LOAD PARALLEL TO MINOR AXIS OF 
ELLIPSE 


In this case the load is in the direction of the y-axis, and dy in eq 2 
should be replaced by dz. The value of u, is that of u, from eq 46 


with S,=0, i. e., 
eae 


Again, 
where 


and eq 2 becomes, finally, 
K= 


1+25 y, 
lt Om) V, 


V. TESTS ON TENSION MEMBERS HAVING CIRCULAR 
PERFORATIONS 


1. GENERAL 


The approximations employed in the derivation of eq 12, 13, 48, 
and 49 may be expected to introduce appreciable error if the per- 
forations are too wide or if the spacing of the perforations is too small. 
Hence it was considered desirable to make some tests which would 
indicate the limits of the ranges of variables over which the formulas 
give satisfactory results. 

Time for an extensive experimental investigation was not available; 
* work therefore was confined to the verification of eq 12 for circular 

oles. 

For the case of a thin rectangular strip of width w and thickness f, 
with a series of circular holes of diameter d at midwidth and spaced 
uniformly / on centers, eq 12 becomes 





(50) 


where n=w/d. 
It is easy to see that eq 50 will fail for sufficiently low J/d. The 
perforated strip cannot have an axial rigidity as low as that of an 











320 Journal of Research of the National Bureau of Standards 


unperforated strip of width w—d, that is, K must be greater than 
(n—1)/n. Yet eq 50 gives K less than (n—1)/n for 


l 2.3562 
es re ey! See ee 
ITT ant tant 





(51) 


The lower limit of l/d (as a function of n) for which eq 50 is satis. 
factory is perhaps best determined by experiment. The same is 
true of n, since it is to be expected, from the method of derivation 
of eq 12, that eq 50 will fail for sufficiently low n. 


2. DESCRIPTION 


Tests were made on strips, 26 in. long, % in. wide, and 0.079 in. 
thick, of aluminum alloy 24ST. There were four strips, one corre. 
sponding to each of the following values of n: 5.84, 3.87, 2.92, 1.94. 

The axial rigidity of each strip was measured before any holes had 
been made in it. Holes were then subdrilled in each strip and reamed 
to give the proper value of nm. The holes were at midwidth of the 
strip and uniformly spaced along the length so that there were an 
integral number of bays in a 10-in. gage length. The axial rigidity of 
the perforated strip was measured, and then additional ieales were 
made to halve the value of l/d, and so on successively until five tests 
had been made on each strip. The values of l/d follow. 


n=5.84, l/d= @, 11.11, 5.56, 2.78, 1.39 
n=3.87, id= ~, 12.92, 6.46, 3.23, 1.61 
n=2.92, l/d= ©, 12.97, 6.49, 3.24, 1.62 
n=1.94, l/d= w, 12.95, 6.48, 3.24, 1.62 


The stretch in a 10-in. gage length due to increasing the load from 
about 50 lb. to about 550 lb was measured for each value of l/d. For 
a given n, the stretch for the unperforated strip (//d= @) divided by 
the stretch for a perforated strip gives the value of K for the perforated 


strip. 

The strips were held in Templin grips and loaded by dead weights 
(the same initial and final each were used throughout) raised and 
lowered with the jack of an Amsler vertical hydraulic testing machine. 
The stretch was measured using a pair of 10-in. gage-length Tucker- 
man optical strain gages provided with either 0.2-in. or 0.5-in. 
lozenges. ; 

The permanent set produced by the 550-lb load was negligible in 
each case. 

The test setup is shown in figure 5. 


3. RESULTS 


The results of the tests and a comparison of the observed with 
the theoretical values of K are shown in figure 6. 

For l/d greater than about 3, the error in the theoretical K increases 
with decreasing n and is about 0.02 to 0.03 for n about 2. 

For small l/d, the theoretical K is too low, especially for large n. 
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Figure 5.—General view of test setup. 
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These results indicate that eq 50 can be relied upon to give K 
within 0.03 for n>2, l/d>2, and within perhaps 0.015 for n>3, l/d>3 


VI. SUMMARY 


Approximate formulas have been developed for the computation of 
the axial rigidity of a long tension or compression member containing 
a plate of constant thickness uniformly perforated with a series of 
circular, elliptical, or ovaloid holes. 


1.0 


Axiai-rigidity foctor, K 





0.5 


2 oO 6 8 10 12 14 16 
Ratio of hole spacing to hole diameter, U/d 
Fiaure 6.—Variation of K with n and l/d 
The curves show the theoretical values (eq 50), the circles the observed values. 


The axial-rigidity factor K is defined so that KFA, is the rigidity 
which should be used in place of HA, in the ordinary formula for 
computation of the extension of the member. 

The formulas for K are: 
for circular holes, 

1 ° 
- ve 
TO) Ve 
for elliptical holes of semimajor axis a and semiminor axis ), 
K= 1, 
Sela GP 


1+ Gq) V, 


K= 


611—43——3 


ou 
ou 
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if the load is parallel to the major axis, and 


K=————, 
4 


1425 y, 
1+ Ga) V, 


* _ load is parallel to the minor axis of the ellipse; and for ovaloid 
oles 


K= 1 





A,V,, 3 Ve 
+A, Vet On) Ve 
In these formulas, 
A,=the gross, and A, the net cross-sectional area of the 


member, 
A, 
nT ~ A ir iy 
1 1 
C(n) =i- an? — an” 


V,=the volume of the perforation, 

V,=the gross volume of one bay of the member, 

V,=the volume of the rectangular, and 

V.=that of the circular, portions of the ovaloid perforation. 


Tests show that the formula for circular holes gives good results 
over the practical range of the variables. 
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BASIC IONIZATION CONSTANT OF METACRESOLSUL- 
FONPHTHALEIN; pH VALUES AND SALT EFFECTS 


By Elizabeth E. Sager, Harry J. Keegan, and S. F. Acree 





ABSTRACT 


Spectral transmittancy values at room temperatures approximating 25° C 
were obtained for 1.25 10-5 M metacresolsulfonphthalein in water and in 0.001- 
to 8-M hydrochloric acid. In water the indicator exists in the yellow form (Y), 
and hydrogen ions (H) from acids convert it into the red form (R). The molar 
concentrations of each form of the indicator in various concentrations of hydro- 
chloric acid were computed from the spectrophotometric data. The dissociation 
constant (K,) for the reaction of the indicator with hydrochloric acid is given by 
the equation 


Ky= MufaMyfy/Mrefr, 


in which M and f, with appropriate subscripts, represent the molarities and 
activity coefficients, respectively. The value of K, is 1.98x10-? and that of 
—log Ky or pK, is 1.703 +0.005. The indicator is useful over the pH range 0 to 3. 
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I. INTRODUCTION 


Metacresolsulfonphthalein, commonly known as metacresolpurple, 
is a useful indicator for colorimetric pH determinations. It under- 
goes color changes from yellow (Y) to red (R) in acid solution and from 
yellow to purple (P) in alkaline solution, as indicated by the struc- 
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tural formulas in figure 1. The indicator is stable in both of its pH 
ranges. The application of spectrophotometric methods for the pre- 
cise determination of pH values with an indicator ! requires a knowl- 
edge of the absorptive properties of its different chemical forms, the 
nature of the transformation from one form to another, the states of 
equilibrium between the different chemical forms, the thermodynamic 
ionization constants, and the effects of electrolytes on the equilibrium 
and ionization constants and spectral properties. In this paper these 
properties are reported for the acid range of metacresolpurple; work 
is in progress on the alkaline range. 
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Figure 1.—Metacresolsulfonphthalein in acid, neutral, and alkaline solutions. 
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The dotted lines indicate resonance in the respective chromophores. The various colored forms, R, Y, 
and P, are, for convenience, considered in terms of the two most probable extreme resonant structures, one 
a pure quinone form and the other a dipolar benzenoid structure with a relatively large negative charge 
[—] on the oxygen of the quinone group and a corresponding positive charge [+] on the central carbon atom 
The symbols representing these various forms are: 


R+- =dipolar resonant redform. 

- yellow form with copied quinone resonance and without [+] [—] charges. 
Y~-~-+ =dipolar resonant yellow form with [+](—] charges. _ 
P-- =purple form with quinone phenolate resonance and without [+] [—] charges. 
P- - -+=dipolar resonant purple form with [+] [—] charges. 


II. MATERIALS, EQUIPMENT, AND METHOD 
1. MATERIALS 


Metacresolsulfonphthalein, especially purified for this investigation, 
was obtained from W. A. Taylor & bo. Baltimore, Md. Before 
being weighed, the crystals were dried in an oven at 105° to 110° C 
for 2 hours. Hydrocholric acid that conformed to specifications of 
the American Chemical Society was used for making 2-M solutions 
from which the lower concentrations were prepared by volumetric 
procedures. The acidity was determined by titration with standard 
sodium hydroxide with phenolphthalein as indicator. Potassium 
chloride, barium chloride, and strontium chloride were each recrys- 
tallized twice and dried in an oven for several hours at 110° to 120° C. 


2. PREPARATION OF THE SOLUTIONS 


All the solutions were prepared by volumetric methods and are 
expressed as molar concentrations. A stock solution of meta- 
cresolsulfonphthalein, 2.5107-* M was made by dissolving 0.0956 
g of the dried crystals in conductivity water and diluting to 1 liter. 
A day or more was required for the crystals to dissolve. From this 


1 See references [1 to 10] for literature on the theories of indicators, salt effects, and mass-law relations appli 
cable in colorimtetric pH measurements. 
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stock solution, 5 or 10 ml, as desired, was transferred by pipet to each 
of the 100-ml volumetric flasks in which the mixtures to be studied 
were prepared. These amounts resulted in indicator solutions 
1.25X10-° M or 2.51075 M, which concentrations were found 
convenient for the spectrophotometric measurements in the 1l-cm 
absorption cells. : 

The stock solutions of hydrochloric acid and of salts were first 
filtered through a sintered-glass filtering crucible to remove any 
trace of dust or lint that might affect the absorption measurements. 
The required amounts of the acid solutions or of the salt solutions 
were added to the 100-ml volumetric flasks either by pipet or buret 
and diluted to the mark with conductivity water. 

Two solutions were necessary for each spectrophotometric curve. 
The first contained the indicator in the desired medium—either 
water, acid, or acid and salt—and the other contained the same 
components of the solution without the indicator. For the amount 
of stock indicator used in the first solution, an equal volume of water 
was substituted in the solution without the indicator. All the 
solutions were freshly prepared, usually the day before the spectro- 
photometric determinations were made, but the indicator was added 
on the morning the measurements were made. Special tests 
showed that the indicator solutions were stable for several days. 


3. SPECTROPHOTOMETRIC EQUIPMENT 


The spectrophotometric measurements for the visible portion of the 
spectrum were made in the Photometry and Colorimetry Section of 
this Bureau, with a recording spectrophotometer of the Hardy type. 
The calibration and operation of this instrument have been described 
by Gibson and Keegan [11]?. All the measurements were made with 
slits giving a spectral band approximately 4 my wide. Absorption 
cells for the solutions consisted of Pyrex cylindrical tubes with pol- 
ished parallel ends fitted with removable round plates of polished 
quartz or Pyrex glass. A pair of blackened brass holders were fitted 
with sleeves to hold either 1-, 2-, or 5-cm absorption cells. In these 
experiments the beam of light passed through a layer of solution of 
1+0.001 cm. All the spectrophotometric measurements were made 
at room temperatures, varying from 23° to 28°C. The measurements 
for the ultraviolet portion of the spectrum were made by Geraldine W. 
Haupt, of the Photometry and Colorimetry Section of this Bureau, 
with a Hilger sectorphotometer and a Fuess quartz spectrograph, and 
by P. A. Cole and M. Eicher, of the National Institute of Health, 
Bethesda, Md., with a Spekker spectrophotometer. 


4. SPECTROPHOTOMETRIC MEASUREMENTS IN THE VISIBLE 
SPECTRUM 


The transmittancy data recorded for a typical series of spectro- 
photometric measurements are shown in figure 2. Each graph sheet 
is calibrated for wavelength by recording the transmission curve of a 
standardized didymium glass (Jena BG 11), the wavelengths of the 
transmission minima being accurately known. The wavelength cor- 


* Figures in brackets indicate the literature references at the end of this paper. 
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rections are made as described by Gibson and Keegan. The curves 
at the 100-percent transmission line are obtained with identical 
absorption cells filled with water, or with acid-salt mixtures without 
indicator, and placed one in each of the two light beams of the instru- 
ment. The zero transmission curves are obtained by blocking out the 
light beam normally passing through the indicator solution. Such 
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Figure 2.—Recorded spectrophotometric curves showing the transformation of 
metacresolsulfonphthalein from yellow to red in hydrochloric acid. 


calibration curves are usually made at the beginning and end of each 
series of curves on one graph sheet. For each spectrophotometric 
curve of the indicator, one absorption cell is filled with the indicator 
solution and the other cell with its respective comparison solution. 
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In this manner the absorption of light by the solvent system and the 
reflections at the end plates of the cells are compensated, and only the 
percentage transmittancy of light by the indicator itself in the par- 
ticular solvent system is recorded. The result is the transmittancy 
curve of the indicator over the spectral range 400 to 750 mu. 

The transmittancy curves shown in figure 2 represent the trans- 
formation [4, 5, 9] of metacresolsulfonphthalein from the yellow to 
the red form by increased amounts of hydrochloric acid from 0.001 
to 2 M. The data in this figure were obtained with an indicator 
concentration of 1.2510-> M, and a cell depth of 1 cm. Additional 
spectrophotometric determinations were made with indicator con- 
centrations of 0.625 10~° and 2.51075 M in the same cells to check 
the validity of Beer’s law. 

The transmittancy values, in percent, were read from the curves 
at wavelength intervals of 2, 4, or 10 mp and were reduced to corres- 
ponding molar absorption indices, k, by the relation: 


__ —logiot 
TXM ” @) 


in which ¢ is transmittancy, d is the cell depth, in centimeters, and M 
is the molar concentration. 


5. ELECTROMOTIVE FORCE MEASUREMENTS 


Readings of pH at 25° C were made for each indicator solution 
and its comparison solution without the indicator, using a hydrogen- 
electrode assembly with saturated potassium chloride calomel half- 
cell and liquid junction. The hydrogen-electrode assembly was 
calibrated with 0.05 m potassium acid phthalate, pH 4.008, as described 
in the Bureau certificate for Standard Sample 84a issued by the 
National Bureau of Standards. The glass-electrode assembly for 
the pH meter was also calibrated with this buffer. Potentiometric 
readings were made first with the hydrogen-electrode assembly, then 
with the glass electrode. Corrections for the error caused by the 
liquid-junction potential were not applied. Measurements on some 
of the most concentrated salt solutions were not made because the 
salt solutions diffused through the saturated potassium chloride and 
equilibrium for the potentiometric measurement could not be reached. 
Since this work was done, it has been shown that these difficulties 
can be avoided and very precise pH data obtained by use of hydrogen 
and silver-silver—chloride electrodes in cells without liquid junctions 
to hold the solutions of indicators and buffers [13]. 


III. EXPERIMENTAL DATA 


1. SPECTRAL ABSORPTIVE PROPERTIES OF METACRESOLSULFON- 
PHTHALEIN IN THE VISIBLE AND ULTRAVIOLET 


The molar absorption index curves for the visible and ultraviolet 
regions of the spectrum are given in figure 3 for the three colored forms 
of metacresolsulfonphthalein that are in neutral, acid, and alkaline 
solutions, respectively. The indices are plotted as a function of 
reciprocal wavelength, or wave number, and corresponding wave- 
lengths are shown at the top of the figure. For measurements in the 
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visible region, 1.25X10-> M solutions of metacresolsuifonphthalein 
were made in water, in 2-M hydrochloric acid, and in 1.251073 M 
sodium hydroxide. The strong bands in the visible spectrum show 
maximum absorption for the neutral yellow form in water, curve Y, 
at a wave number of 22,940 cm~! (wavelength 436 my); for the acid 
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Figure 3.—Molar absorption indices of the three forms of metacresolsulfonphthalein 
in the visible and ultraviolet portions of the spectrum. 


R, red form; Y, yellow form; P, purple form. 


red form, curve R, at a wave number of 18,960 cm (wavelength 
527.; mu); and for the alkaline purple form, curve P, at a wave number 
of 17,360 cm™ (wavelength 576 my). 

For the ultraviolet * measurements, 1.2510-* M solutions of the 
indicator were used in water, in 2-M hydrochloric acid, and 1.25 10~ 
M sodium hydroxide. The spectrophotometric data given in this 
paper are concerned mainly with the progressive shift of curves Y to 
R in the visible spectrum for acid solutions. 


2. TRANSFORMATION OF METACRESOLSULFONPHTHALEIN FROM 
THE YELLOW TO THE RED FORM BY HYDROCHLORIC ACID 


The transformation of metacresolsulfonphthalein from the yellow 
to the red form is shown by the 19 curves in figure 4 and appears to 
be approximately complete in 2-M hydrochloric acid. The effect of 
1.5-, 2-, 4-, and 8-M acid has been studied separately and is shown, 


3’ The sulfonphthaleins and many other indicators contain, in addition to the chromophure, other groups! 
(auxochromes) such as carboxylate and sulfonate radicals, which do not absorb visible light, and thus do not 
affect the calculations presented in this article. Recent measurements on sulfonates, benzoates, and other 
compounds of polar character show strong bands in the ultraviolet. Any computations on the Y, R, and P 
bands (fig. 3) to correlate the pry! game indices of the chromophore for both the ultraviolet and visible 
regions must involve recognition of the resonance of the —SOj group and corrections for its own absorption 
indices in the ultraviolet. 
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by the additional absorption curves in figure 5. As the quantitative 
relations between the acidity of the solutions and the optical properties 
of the indicator, as expressed by the curves in figures 4 and 5, are the 
basis of the determination of pH values and salt effects with meta- 
cresolsulfonphthalein, these spectrophotometric curves will be con- 
sidered in detail. Below 0.1-M acid, the increase in absorption index 
at any wave number with rise in hydrogen-ion activity is close to the 
values calculated by use of the mass-law equations discussed below. 
Between 0.1- and 2-M hydrochloric acid, the percentage change in 
index is slightly larger for the lower wave numbers of the absorption 
band for the red form (from the peak toward the red) than for the 
higher wave numbers of the band. The acid in concentrations from 
0.5 to above 2 M begins noticeably to cause two compensating effects. 
The first is the completion of the normal reaction of hydrogen ions 
with the yellow form, which should slightly increase the index at wave 
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FieurE 4.—Transformation of metacresolsulfonphthalein from the yellow to the red 
form in hydrochloric acid. 
(1) No acid (yellow form); (2) 0.001 M; (3) 0.002 M; (4) 0.004 M; (5) 0.006 M ; (6) 0.008 M; (7) 0.010 M; 


(8) 0.015 M; (9) 0.020 M; (10) 0.030 M; (11) 0.040 M; (12) 0.050 M; (13) 0.060 M; (14) 0.075 M; (15) 0.100 M; 
(16) 0.200 M; (17) 0.500 M; (18) 1.000 M; (19) 2.000 M. 


number 18,960 (527.; mu), and the second is the “abnormal” or specific, 
effect [1, 8, 21, 22] of the increased electrolyte and surrounding elec- 
trical field in decreasing the absorptive properties and index of the 
indicator, together with the shift of the absorption bands for the red 
and yellow forms toward the lower wave numbers. The net result is 
that the acid in concentrations above 2 M causes little additional 
change in the position and height of the main absorption band, except 
a slight shift, until a concentration of over 4 M is reached. With 
higher acid concentrations, as shown in curve 5, figure 5, there is a 
decrease in the index at the maximum and an increase at the mini- 
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mum, accompanied by a definite displacement of the isosbestic point, 

In order to determine whether these specific effects are due to acids 
alone or is a general property of all concentrated solutions of elec- 
trolytes, the effect of increasing amounts of salts on the absorptive 
properties of both the yellow and the red forms of the indicator is 
under investigation and details will be reported later. Neutral salts 
of low concentration have no important effect upon the absorptive 
properties of either form other than normal changes in transmittancy 
arising from variations in ionic strengths, activity coefficients, and 
ionization. Salts 2 M or higher in concentration, however, cause a 
slight shift in the isosbestic point and in the positions of the maxima 
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Figure 5.—Effect of concentrated acid upon metacresolsulfonphihalein. 
(1) Water; (2) 1.5 M HCl; (3) 2.0 M HCl; (4) 4.0 M HCl; (5) 8.0 M HCl. 


and minima of the absorption bands. These changes in the molar 
absorption indices by salts are similar to the effect of hydrochloric 
acid, illustrated in figure 5. 

These specific effects may be caused in part by a change in the 

olar and absorptive properties of the yellow and red forms of the 
indicator in the altered electrical field, or it may denote the beginning 
of a new type of ionization, hydration, or intramolecular transforma- 
tion into a lactone. In considering the sources of a new type of ion, 
a colored impurity is first suspected. In this case it is most likely 
to be a colored iosmer with one or both phenols attached in the 
orthoposition instead of in the paraposition characteristic of the 
sulfonphthaleins (fig. 1). Small quantities of such orthoisomers 
might have absorption bands and low pH ranges which could account 
for the observed shifts. This inlenaiion |abch not seem valid in 
view of the lack of such abnormalities in the spectrophotometric 


4 An isosbestic point is found at that wavelength or wave number at which the transmittancies or indices 
of the yellow and red forms are equal. The word “‘isobestic,”” which has ap d in various publications, 


should be s d “‘isosbestic.”” The word originates from the Greek prefix tos} (isos, meaning equal) 
and the Grose root és (sbestos, meaning quenched or put out). The word “asbestos” is derived 
from the same root. Thus, “‘isosbestic point” means the point of equal extinction by the two colored forms 
of the indicator. The authors in a previous publication used the term ‘“‘isobestic.’’ 





lonization Constant and pH Values of Metacresolsulfonphthalein 331 


curves obtained recently in another study on metacresolsulfonphtha- 
lein in its high pH range, and particularly when a 500 to 1-M ratio 
of alkali to indicator is used to neutralize any orthoisomer present 
and probably having a pK value somewhat higher than that for 
metacresolsulfonphthalein. Formation of a colorless carbinol or lac- 
tone or of a dioxonium salt of the indicator would probably reduce 
the absorption index without a shift. The discussion below seems to 
eliminate the possibility that repression of the ionization of the 
sulfonate group accounts for these phenomena. As metacresolsul- 
fonphthalein at pH 7.2 to 9 also shows such shifts of the absorption 
bands in concentrated salt solutions, we can conclude that the specific 
salt effect of the concentrated hydrochloric acid is due to the altera- 
tion of the spectral properties of the indicator chiefly by the change 
in the surrounding electrical field of the solutions [8]. 


TaBLE 1.—Molar absorption indices for the yellow and red forms of metacresolsulfon- 














phthalein 
: Molar absorption indices 
Wave- Wave 
length ® number 
Yellowform| Red form 
Mp em=|X1073 ky kr 
399.4 25. 04 13390 12580 
409.3 24. 43 15110 11190 
419.3 23. 85 16550 8660 
429.2 23. 30 17570 5660 
9436.9 22. 93 17940 4270 
439.4 22.77 17880 
449.1 22. 27 17080 3570 
459.1 21. 78 15660 4470 
469.1 21. 32 13670 6650 
9479.5 20. 86 10930 10930 
489.3 20. 44 8700 16860 
499.4 20. 02 6490 24330 
509.5 19. 63 4600 34540 
520.1 19. 23 3010 44230 
9527.5 18. 96 2190 47080 
530.7 18. 84 1890 46870 
540.7 18. 49 1130 39810 
550.7 18.16 630 27210 
560.7 17. 83 380 15780 
570.3 17. 54 210 8320 
579.6 17. 25 140 3740 
589.3 16. 97 70 1440 
599.4 16. 68 30 600 
609.4 16. 41 00 140 
619.5 16.14 00 000 




















* The transmittancy values were read at even wavelength intervals from the graph sheet and then cor 
rected to their true wavelengths. In addition, the values for the isobestic point and the maximum absorb -- 
ancy for the red and yellow forms are given. 


The specific salt effects are small and are neglected in the present 
peactioal ayedieations of the spectrophotometric data for metacresol- 
sulfonphthalein in hydrochloric acid solutions. Since the absorption 
index curve is nearly constant for acid contents between 2 and 4 M, 
the 2-M curve is taken here as the practical limit for the transforma- 
tion of the yellow to the red form.’ The molar absorption indices for 
various wavelengths and corresponding wave numbers representing 
the characteristic absorptive properties of the yellow and red forms 
of this indicator are given in table 1. 





‘A more precise evaluation of the magnitude of the index for partial and complete transformation and the 
Quantitative formulation of the specific salt effects are under way. 
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3. COMPUTATION OF THE PERCENTAGES OF THE RED AND 
YELLOW FORMS OF THE INDICATOR FROM THE MOLAR AB. 
SORPTION INDICES 


If it be assumed that the corresponding curves for the partial 
transformation of the indicator (see figs. 2 and 4) represent linear 
combinations at each wavelength or wave number of different pro- 
portions of only two limiting absorption indices (curves 1 and 19, 
fig. 4), then the fraction (a) of the indicator changed from yellow to 
red at a given acid concentration is given by’ 


ka=akeat+ (l—a)ky or a= (k,—ky)/(ka—ky), (2) 


where ky, kg, and k, are, respectively, the molar absorption indices 
at a given wave number for the yellow, red, and mixed forms of the 
indicator [1, 4, 5, 6]. The values of ky, kp, and k, for all the wave- 
lengths and concentrations of indicator, hydrochloric acid, and salts 
studied were computed from records like figure 2. 

Calculations of a for different wavelengths near the maxima of 
the absorption bands are given in table 2. If the linear variation of 
k, with respect to a expressed by eq 2 is strictly correct at all wave- 
lengths, the a values for each curve should all be the same, regardless 
of wavelength. In general, however, there is a decrease in a with 
increase in wavelength in each of the bands (420 to 460 mu and 518 
to 540 mu). The variation from constancy appears to be slightly 
greater than the estimated accidental variation arising from the 
experimental uncertainties in the recording and reading of the original 
transmittancy curves. Since this consistent variation of a occurs in 
the regions of the spectrum where the specific effects of high acid 
concentrations clearly affect the calculated values of a (see figs. 4 
and 5), it may be ascribed to the same cause. The variation of a 
with respect to wavelength may be neglected in this paper. The 
average values of a are close to those found at 527.; mu. Since the 
experimental absorption indices are most accurately determined at 
wavelength 527.; mu (wave number 18,960) at the maximum of the 
absorption band for the red form, these indices alone, and the corre- 
sponding values of a, are given in table 3 and used in the calculations 
to be described. 

From the approximate constancy of a across the spectrum, it is as- 
sumed that as the indicator is changed from yellow to red the charac- 
teristic absorption bands of the two chemical forms of the indicator 
are not appreciably shifted, broadened, or otherwise distorted as a 
result of changing the chemical and physical nature of the solvent 
medium, or as a result of the presence of more than two chemical 
forms or of association of the indicator. These assumptions are fur- 
ther borne out by the existence of a sharply defined isosbestic point 
at wave number 20,860 (wavelength 479.; mu) and molar absorption 
index 10,930. Since the absorption bands overlap, it follows that at 
least one wave number will be found at which the molar absorption 
indices of the yellow and red forms of the pure indicator, ky and kz, 
will be equal for all values of a. Hence, as expressed linearly in eq 2, 
if a mixture of these two forms alone determines the observed absorp- 

* If polar states (electronic tautomers or electromers) of each ion, indicated by Ng eae: (—] signs in figure |, 
are present in instantaneous equilibrium with the nonpolar forms, the absorption bands. may still be used 
at any given temperature to calculate the over-all values of a and (i—a) for the red and yellow ions, including 


their natural polar states or those “induced” by other ions [1, 4, 7, 8]. This point needs further study for 
development of exact equations. , 
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tion curve in their overlapping regions of spectral absorption, the isos- 
bestic point must remain unchanged with respect to both index and 
wave number for all stages of the color transformation. This may 
not be true when specific salt effects, association, or colored impurities 
affect this part of the spectrum, as shown in figure 5. 


TaBLE 2.— Variations in the values of « as derived from the series of absorption indices 
at different acid concentrations and given wavelengths 























— a 
ca Molar concentration of hydrochloric acid 

mya 0.002 | 0.006 | 0.01 0. 02 0. 03 0. 04 0.05 | 0.075 0. 20 0. 50 1. 00 

420 0. 084 | 0.195 | 0.290 | 0.442 | 0.550 | 0.613 | 0.644 | 0.723 | 0.878 | 0.966 | 0.989 
424 . 087 . 205 . 287 . 443 . 545 . 605 . 649 . 722 . 882 955 . 995 
428 . 076 . 200 . 285 . 443 . 534 . 606 . 640 717 . 875 952 . 989 
432 . O81 . 206 . 292 . 442 . 538 . 605 . 645 . 720 . 875 . 958 . 990 
436 . 082 . 202 . 292 . 442 . 534 . 597 . 644 . 723 . 868 . 956 . 988 
440 . 082 . 203 . 204 . 439 . 533 . 596 . 641 . 720 . 865 . 952 . 983 
444 . 081 . 198 . 288 . 437 . 530 . 593 . 638 .715 . 865 . 950 . 983 
448 077 . 200 . 286 438 527 . 590 639 712 . 864 946, 982 
452 083 202 288 438 531 . 590 638 713 864 946 982 
456 073 194 288 432 523 . 586 631 711 858 940 975 
460 082 203 288 440 532 . 589 633 712 863 943 975 
518 085 207 295 444 532 . 598 647 730 871 947 988 
520 086 206 293 442 529 . 595 646 721 869 942 982 
522 085 206 442 526 . 591 645 725 866 945 984 
524 O83 206 293 442 527 . 593 644 723 865 945 985 
526 O84 205 292 440 525 . 590 644 722 864 942 982 
527 O84 206 293 440 525 . 589 645 723 862 942 984 
528 O84 204 292 440 525 . 589 645 723 862 942 984 
530 082 204 292 441 522 . 587 641 720 858 938 978 
532 083 204 291 441 516 . 584 640 714 859 936 977 
534 082 203 289 439 519 . 582 640 714 856 934 977 
536 082 203 289 436 516 . 580 636 710 851 926 974 
538 082 203 305 440 517 . 582 640 714 858 932 972 
540 081 204 292 438 518 . 579 637 712 857 935 989 



































IV. EQUATIONS FOR CALCULATION OF THE IONIZATION 
CONSTANT K, AND pk, 


On the basis of the preceding discussion, a simple reaction may 
be assumed, in which the yellow (basic) form of the indicator combines, 
or bonds, with a single hydrogen ion with accompanying change in 
color from yellow to red (fig. 1). By the law of-mass action the ap- 
parent ionization constant, Ky, for this reaction [1, 4] is given by 


Ky= (Ma My/Mg) (fafvl fr) =Ke fate! fr; (3) 


in which My, My, and Mz represent, respectively, the molar concen- 
trations of the hydrogen ion, the yellow form, and the red form of 
the indicator, and K, is equal to MyMy/Mx. The corresponding 
activity coefficients are represented by f with appropriate subscripts. 
Substituting (l—a)/a for My/Mpg, and writing eq 3 in the usual loga- 
rithmic form, we have 


pKy= —log{My (1 — a) /a]—logl fafy/felJ=pKe—loglfafy/fr] (4) 


_In the above equation, a is determined from the spectrophotomet- 
ric data by eq 2 and Mg is identical with the molarity of the acid 
(assuming complete dissociation of hydrochloric acid and neglecting 
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the low concentration of hydrogen ions from the indicator); hence, 
pK. is known from the experimental data. The values of K, and 
pK, are given in table 3, and are shown in figure 6 as a function of 
the ionic strength, », computed on the molar basis. The activity 
coeflicients approach unity by definition as the ionic strength de- 
creases to zero on dilution of the solution. Hence, by extrapolation 
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Ficure 6.—pK, values obtained from the spectrophotometric values for metacresol- 
sulfonphthalein in hydrochloric acid at low ionic strengths. 


(1, 5, 6, 8] of the pK, curve of figure 6 to zero ionic strength the value 
of pA, will be obtained. As the slope of pK, near »=0 is large and 
its extrapolation uncertain, this procedure may be greatly facilitated 
by finding exact or even approximate values for the activity coeffi- 
cients, such that the function pK,—log(fafy/fr) is approximately in- 
dependent of » and its slope so small that the extrapolation can be 
made with accuracy (see the other curves in fig. 6). This may be 
done by use of the Debye-Hiickel formula or simplifications thereof 
for the negatives of the logarithms of the ionic activity coefficients, 
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when the dimensions of the yellow and red forms of the indicator 
and proper values z for their electric charges are determined as 
follows. 

There is considerable evidence for the assumption that the sulfonic 
acids may be regarded as almost completely dissociated in water 
solution [23] and that the yellow form of metacresolsulfonphthalein 
is a negative substituted sulfonate ion (see fig. 1), for which z equals 1.’ 
If the addition of acid to the solution were assumed to suppress 
this state of ionization, the reaction could be written broadly 


H*+ Yg0;SY go,H. (5) 


If Yso,H were assumed to be a nonionized quinone phenol sulfonic 


acid and to be the red form as measured by a, the color changes would 
apparently be explained quantitatively. But all quinone phenols 
are yellow and become deep red on union, or bonding, with hydrogen 
ions to form resonant compounds of the type 


R in figure 1 [1, 4]. It is therefore very likely that the red color is 
not controlled by eq 5 for the ionization of the sulfonic acid group of 
metacresolsulfonphthalein in dilute acid solutions (or even up to 
2 M), but that the addition, or bonding, of hydrogen ions [2, 7] takes 
place principally at the basic oxygen of the quinone group, giving a 
resonant ampholytic ion (R, fig. 1) for the red form of the indicator 


as in eq 6. 
H*+-Y¥-=R*-, (6) 


The spectrophotometric data suggest that two separate reactions 
do not both take place simultaneously to any appreciable extent. 
Assuming then that the yellow form is a univalent negative ion, 
represented now as Y~, and, for the present, that the activity coefli- 
cient of the resonant ampholytic ion, represented now by R*-, is 
approximately unity at low concentrations, the Debye-Hiickel theory 
yields the relation 

2Az*y uy (7) 
ae or -) = —_—__—_—————_ 
log (fu fy-) i+ Bava? OM \4) 


in which z is unity; A and B have the values 0.5098 and 0.3298 [12], 
respectively, at 25° C; a; is an adjustable parameter used to represent 
in angstroms the average distance of closest approach of ions; yp Is 
defined as > }2?m,/2 as usual; and # is an empirical correction factor. 
By arbitrarily assigning different reasonable values to a, a set of 
curves is obtained for pK,—log(fa fy-/fxt+-) with small slopes which 
can be extrapolated accurately, as shown in figure 6. These curves 
converge at just one pK, value, 1.703, because at zero concentration 
and ionic strength of the electrolytes all of the activity coefficients 


7 This is the ionic charge; the contribution of the resonant polar charges ([+] and [—], fig. 1) is disregarded 
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become unity, and the activity coefficient term of eq 4 becomes zero, 
regardless of the value of a, used. Ky is therefore 1.98 107?. 

It should be emphasized at this point that even though a limiting 
dissociation constant, K, in this case, is known very precisely, it is 
not possible to predict from a given a exactly (i. e., to 0.001) what the 
pH value will be in any mixture of electrolytes. Knowledge of the 
concentrations of the electrolytes and their valence types, the average 
values of a, and 8, the dielectric constant, and preferably an independ- 
ent measure of the activities, are needed to calculate the pH value 
with precision, and then only by a long series of approximations. This 
applies particularly to unknown solutions. For a precision of 0.01 pH, 
however, the computations can be simplified. Iffg+-=1 hoids approx- 
imately in dilute solutions and the relation fy=fy- is assumed as usual, 
eq 4 and 7 give (pK,—pK,)/2=—log fa=—log fy-. The correct 
average a, gives a straight pA, plot through pA, and if it is not hori- 
zontal its slope is 8B. With a, B, u, a, and pA), substituted in eq 4 and 
7, the value of pH or —log My fy can be calculated. An approximately 
straight horizontal line results, and 8 may be neglected (see fig. 6) 
when a; equals 6.25 A. Extrapolation to u.=0 also gives a pA» value 
of 1.703 with an estimated uncertainty of 0.005. With A, and a, thus 
determined, it is possible to calculate the pH values of the solutions 
from either spectrophotometric or electrometric data, as shown below. 


V. COMPARISON OF THE ACTIVITY COEFFICIENTS OF 
METACRESOLSULFONPHTHALEIN AND HYDRO- 
CHLORIC ACID 


By rearrangement of terms in eq 3 and substitution of fy- for fy 
and fp+- for fs, 


Sufy-/fat-=Kya/(1—a) Mu. (8) 


The hydrogen-ion concentration (Mj) is that of the hydrochloric acid 
and the rest of the right-hand side of the equation is determined en- 
tirely from the spectrophotometric measurements, which give the 
values of K, and a. From eq 4 is obtained 


pk,—pK.=—log|fufy-/fr+-]= —2 log V fafy-|frt-. (9) 


If fg+- is taken as approximately unity because R*~ is considered a 
resonant dipolar form of a nondissociated molecule and fy is assumed 
as usual to be equal to fy- in the application of the Debye-Hiickel 
equation, 


(pky— pK.) [2 v7 —logVfafy-/fat-o—log Su—log Iy-; (10) 


gives an approximate value of fx or fy- listed in column 8, table 3. 
As the known concentrations of hydrochloric acid are assumed to be 
equal to My, the values of —log Myfx or pH, of all of the solutions 
of hydrochloric acid and the indicator can be calculated from the 
spectrophotometric data alone and compared with electrometric 


557611—43———-4 
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measurements of the pH values. The spectrophotometric pH values 
are listed in column 10, table 3. 

It is important to pe these approximate spectrophotometric 
activity coefficients and pH values with corresponding ones calculated 


from the emf data obtained with silver-silver—chloride and hydrogen | 


electrodes in hydrochloric acid solutions by Harned and Ehlers [16). 
Their data were computed from eq 11. 


(E— Ky) F 


F3026RTt 108 Mut log ma=—2 logy fafer (11) 


After reducing their published emf values to activity coefficients on a 
molarity basis, a curve was drawn for ¥fsfci as a function of yj, 
from which values of -~ f/% fc, were read which corresponded to the 


concentrations of hydrochloric acid used in the spectrophotometric 
work, as shown in column 9, table 3. The right side of eq 11 is ob- 
tained from the electrometric methods and is analogous to the right 
side of eq 9 for the spectrophotometric work. Since fg is the same 
in both cases, it follows that fo, is to be compared with fy-/fx+-. 


If fa=fo=vVfufci as usually assumed, then the products of the 
Vfafci and the corresponding Mg (columns 1 and 9) are the hydro- 


gen-ion activities (Myfn) whose negatives of their common loga- } 


rithms are the electrometric pH values (column 11). The spectropho- 
tometric activity coefficients (fy-/fR+-) and electrometric activity 
coefficients (fc1) agree well up to 0.05 M hydrocholoric acid and 
even better if the listed experimental values of fy fy-/fR+- are 
plotted to obtain a smooth curve from which values may be read for 
comparison with the smooth curve data listed for /fgf¢). Above 


0.05 M hydrochloric acid, however, the /fsfy-/fr+- data gradually 


rise above those for ¥fxfc1, and probably for the same reasons that 
cause a similar rise in mixtures of indicator, hydrochloric acid, and 
salts discussed below; namely, a decrease of fp+- below unity. 


VI. ACTIVITY COEFFICIENTS OF METACRESOLSULFON.- 
PHTHALEIN AND 0.01-M HYDROCHLORIC ACID IN THE 
PRESENCE OF SALTS 


It has long been known that addition of pure neutral salts to solu- 
tions of indicators in dilute acid or alkali causes a normal change in 
activity coefficients and hence in pH and color. There may be also a 
specific or abnormal [1, 8] salt effect characterized by a definite change 
in hue arising from a shift in the absorption band with respect to wave 
number and accompanied by changes in absorption index. Spectral 
transmittancy curves were theteters obtained for 1.251075 M meta- 
cresolsulfonphthalein mixed with 0.01 M hydrochloric acid and the 
molar concentrations of potassium chloride, strontium chloride, and 
barium chloride shown in column 1 of table 4. The transmittancy of 
each mixture at 527.;u is given in column 2. The calculation of the 
spectrophotometric and electrometric activity coefficients and pH 
values are made by use of eq 4, 9, and 11; 1.703 for pA,; and values of 
a obtained from the transmittancy data in column 2, table 4. The 
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spectrophotometric activity coefficients are given in column 3, 
table 4. 


TaBLE 4.—Effects of salts upon the transformation of metacresolsulfonphthalein 
(1.25 10-5 M) in 0.01M hydrochloric acid 
























































| Activity coefficient * Calculated pH | Measured pH 
| Coneentra- [oe | 
rat g solution at | Spectropho- | Potentio- | Spectro- | potentio- 
AC) 527.5 mu, tometric, metric, photo- metric Hydrogen Glass 
| t metric data electrode | electrode 
Vfafy-lin- | vVfafer data 
POTASSIUM CHLORIDE 
| 0.01 0. 659 0. 870 0. 873 2. 06 2. 06 2. 06 2. 05 
| .02 - 666 . 852 . 851 2.07 2.07 2. 06 2. 05 
. 05 . 674 . 832 . 816 2. 08 2. 09 2. 07 2. 06 
| .10 . 686 . 802 . 787 2.10 2.10 2. 07 2. 08 
a . 695 . 780 . 715 2.10 2.15 2. 07 2.07 
| i . 685 . 805 . 720 2.10 2.14 2. 05 2. 05 
| 1, 27 . 663 . 861 . 762 2. 06 2.12 2. 00 1.99 
| 1.71 . 647 . 902 . 802 2. 04 2.10 1.95 1. 96 
| 2. 01 . 621 . 974 . 835 2.01 2. 08 1.93 1. 92 
3. 42 . 530 1. 268 1. 035 1.90 1.99 1.70 1. 69 
BARIUM CHLORIDE 
0. 01 0. 668 0. 848 0. 840 2. 07 2. 08 2. 05 2.07 
. 687 . 795 772 2.10 2.11 2. 05 2. 06 
06 . 697 775 . 752 2.11 2.12 2. 06 2. 06 
10 . 701 . 763 . 730 2.11 2.14 2.05 2. 04 
20 . 706 . 754 . 706 2.12 2.15 | 2. 03 2.01 
fe. 701 760 703 2.11 215 | 201 2.00 
36 . 696 . 781 .710 2.11 2.15 | 1.97 1.96 
| 50 679 . 820 729 2. 09 2.14 | 1.92 1.90 
80 648 . 901 . 795 2. 05 2.10 | 1.80 1.78 
1.00 631 . 975 . 853 2. 04 2. 07 1.74 1.72 
1.12 602 1. 027 . 902 1.99 2.05 | (>) 1. 66 
STRONTIUM CHLORIDE 
0. 01 0. 665 0. 854 0. 835 2. 07 2. 08 2. 08 2. 06 
05 . 686 . 802 . 761 2.10 2.12 2. 08 1. 96 
10 . 696 .778 .729 2.11 2.14 2. 08 1. 82 
30 . 696 .779 .713 2.11 2.15 1.99 1,88 
. 50 . 678 . 815 . 738 2. 09 2.13 1.90 1.87 
.70 . 656 . 877 . 799 2. 06 2.09 1, 82 1.79 
. 80 . 644 . 910 . 838 2. 04 2. 08 1.78 1.73 
2. 00 - 468 1, 538 1. 633 1.81 1.79 (>) 1. 00 
2. 36 . 413 1. 885 © 2.016 1.72 1.70 (>) . 88 
































* These activity coefficients were obtained from the data of Harned and Hamer [14] for KC], Harned and 
Gener [15] 4 BaCls and Vance [16] for SrClz. Their data were corrected from a molal to a molar basis. 
ee footnote 8. 

> Measurements could not be made with the hydrogen-electrode assembly owing to diffusion of the salt 
“ee = through the saturated KCI solution. 

* Estimated. 


At 0.2 to 0.5 M salt concentrations these transmittancies go through 
maxima, and the corresponding absorption indices and activity coeffi- 
cients therefore go through minima. Harned, Hamer, Geary, Vance, 
and Ehlers [14, 15, 16, 17] showed by the use of emf methods that 


the mean electrometric activity coefficients, Vfafci, of 0.01 M hydro- 
chloric acid go through minima when mixed with approximately 
the same concentrations of the three salts used in this work. After 
expressing the molality of each salt in terms of its corresponding 
molarity,® the emf data were used to calculate the activity coefficients 


ee the molarities (M) from the molalities (m), the following equations were used (Hamer, un- 
published): 

KCl: M=0.99707m—0.028100m!?+0.0001412m!;  BaCly: 4=0.99707m—0.026042m!—0.003452m!; 
M=0.99707m—0.019773m!—0.0027680m!; then f a=0.99707m/m/M. 


SrCly: 








He NEP EON lk Pa NO 
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on the molar basis. The mean activity coefficients (molar basis) 
were then plotted as a function of the molar concentrations of the 
salts. The values of + fafc; which corresponded to the molar con- 
centrations of the salts used in the spectrophotometric work were 
then read from the curves and are given in column 4, table 4. 

A comparison of columns 3 and 4 of table 4 shows that the mean 
spectrophotometric activity coefficients, ¥ fafy-/fat-, are in general 
larger than the coefficients calculated from the electrometric data 
for Vfafc:. Since fa is the same in both methods for the given con- 
centration of salt, it follows that fy-/f,+- must be larger than f,, 
The difficulty in ascribing definite values to fy- and fg+- arises from 
the unknown contribution of their resonant dipolar states ([+] and 
[—] in fig. 1) to the values of z and the activity coefficients. The 
yellow form will be assigned tentatively z=1 for the following rea- 
sons: (1) The work on the dipole moments of benzeins [7], whose 
quinone-phenol chromophores are identical with those of Y~, shows 
that the concentration of the resonant dipolar form is only a few 
percent of that of the ionic form (e. g., Y~ without [+] and[—] charges). 
(2) The resonant dipole structure of R*+~ does not make fgt+- fall 
much below unity (see columns 4, 8, 12, 16 in table 5). Hence a few 
percent of the dipolar form of Y~ (e. g., Y~*~, fig. 1) would produce 
only a minor effect on the over-all —log f(Y-+Y~-*~). In any event, 
the effects of the dipole contributions are somewhat compensated in 
the ratio fy-/frt-. 

f use is now made provisionally of the hypothesis of Lewis and 
Randall [18] that the activity coefficient of any univalent ion in 
dilute aqueous solution depends only upon the ionic strength of the 
solution, a hypothesis that is also inherent in the Debye-Hiickel 
theory of dilute mixed electrolytes, the activity coefficients of the 
chloride and single-charged indicator ions would be approximately 
the same. Hence if we place fo, equal to fy-, we must get fp+- and 


vfxt- values appreciably less than unity, as shown in columns 4, 
8, 12, 16, table 5. An expression developed by Kirkwood [19] for 
the activity coefficient of a fixed dipole (ampholyte) also gives values 
less than unity, which is in harmony with the present experimental 
evidence that the resonant dipolar red salt should not be treated as 
an uncharged molecule in hydrochloric acid or its mixtures with 
salts. Furthermore, the specific salt effects characterized by the 
shifts of the absorption bands (fig. 5), discussed above, are also being 
taken into account in the final corrections of a required for correct 
application of eq 4 to determine the pK, and pH values for these 
acid-salt-indicator mixtures. 

A definite departure from unity of the activity coefficients for the 
red form of the indicator may be taken as further evidence, supported 
by organic structural relations discussed on page 324, for the assump- 
tion that the reaction is expressed by eq 6 for a resonant ampholyte, 
rather than by eq 5, in which the red form would be an uncharged 
molecule and have an activity coefficient probably more nearly unity. 

As this article is limited to comparisons of the approximate pH 
values obtained by the spectrophotometric and electrometric methods, 
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the data of table 4 may be treated as follows: The very small effect of 
—log fp+- will be disregarded and the approximate pH values, 
—log (Mufa), of 0.01 M hydrochloric acid in the presence of salts 
obtained by adding to 2 (i.e.,—log 0.01) the values of —logyfafy -/fat- 
(computed from column 3, table 4) and those of —logyfufc; (com- 
puted from column 4, table 4) to get the ‘“spectrophotometric” and 
‘potentiometric’ pH data, respectively. These pH values are 
given in columns 5 and 6, table 4. The agreement is within approxi- 
mately 0.05 pH unit in all cases, even including the most concen- 
trated solutions. For the 30 solutions listed, however, the average 
spectrophotometric pH values are about 0.03 less than the electro- 
metric pH values of the acid-salt solutions. 

Since the pH determined by spectrophotometric measurements is 
lower than that obtained by electrometric measurements, and fy - /fg+- 
values are larger than fc, for all the solutions studied, the next step 
is to attempt adjustments of fo, fy-, and frt+- to give the same 
spectrophotometric and electrometric pH values. If fo,.=fy- and 
pH= — log (muvV fa foi) =—log(muVfafy-) then the practical use of 
pH = —log (may fufy-/fu*) = —log(mavfafy-)-+logVfa+- will give 
spectrophotometric pH values too low by log ¥fx+-. The values for 
vfnt- are obtained by dividing Vfafo: by Vfafy-/fr+- at the same 
ionic strength and are given in columns 4, 8, 12, and 16 of table 5. 
The first result is that the deviation of /fg+- from unity is small in 
comparison with the corresponding differences between unity and 
Vfufy-/fr+- and Vfafo:, and that the contributions of the —logyfx+- 
values (columns 5, 9, 13, 17 of table 5) to the pH for the four solutions, 
even though differing somewhat among themselves, are small in com- 
parison with —logyfafc: (and hence —logyfyfy-). For the 30 
solutions listed in table 4, the average spectrophotometric pH values 
are about 0.03 less than the electrometric pH values. The average 
correction for the —logyfx+- for the same solutions is +0.03 pH, 
which therefore makes the average spectrophotometric pH values 
practically the same as the electrometric pH values. Similar correc- 
tions for the —log/fg+- for the hydrochloric acid solutions in table 3 
make the average pH values of column 10 practically the same as those 
of column 11. The second result is therefore that there is still some 
doubt whether fc: and fy- are absolutely equal, in view of the polar 
nature of the latter, and whether either or both may have slightly 
different values in the solutions of different electrolytes of equal ionic 
strength. This question also applies to buffers. The uncertainties 
from the above cause, in the pH values are less than 0.05 pH in 
solutions up to unit ionic strength. 

The pH values of these solutions were also measured with saturated 
calomel half-cells and hydrogen and glass electrodes, in a room con- 
trolled at 25° C, to determine the pH errors which may be encountered 
with routine apparatus. The value 0.24503 volt was assigned to the 
saturated calomel electrode with the liquid-junction potential by 
calibration with potassuim acid phthalate. For the 27 values listed 
in column 7, table 4, the average results obtained with the glass 
electrode are 0.027 pH lower than those with the hydrogen electrode. 
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TABLE 5.—Comparison of the activity coefficients of metacresolsulfonphthalein in 
in 0.01 M hydrochloric acid 





























Hydrochloric acid Potassium chloride in 0.01 M hydrochloric acid: 
Activity coefficients Activity coefficients 
Ionic 
strength 
(molar) |Spectropho-| Potentio- Spectropho- | Potentio- 
tometric | metric tometric | metric | 
——— vViutei —| ,—-— —. viaje a 
“/frt- la. | FS |“ - r~/fat- + | J res 
Vinhyite| Vouk a a gvin™|Vfaly-e | Vviafcr Vafe-TaX |e Vi 
0. 01 0. 906 0. 906 1.000 0. 000 0. 906 0. 906 1.000 0. 000 
. 02 . 878 . 878 1. 000 . 000 . 873 . 873 1. 000 . 000 
. 03 . 863 . 857 . 993 003 . 856 . 851 . 994 . 003 
. 04 . 852 . 844 . 991 . 004 - 845 . 836 - 989 . 005 
- 05 . 842 . 832 . 988 . 005 . 835 . 825 . 988 . 005 
. 06 - 835 . 824 987 006 . 828 . 816 . 986 . 006 
. 08 . 823 . 809 983 007 . 816 . 802 . 983 . 007 
.10 .815 . 799 . 980 . 009 . 807 . 791 . 980 . 008 
. 20 . 796 .770 . 967 015 . 787 . 754 . 958 . 019 
. 50 . 806 . 776 . 963 . 016 . 781 .715 . 915 . 038 
1.00 . 860 825 959 018 . 820 . 730 . 890 . 050 
Of ae CS ee eee BE SI [On eee on . 946 . 837 - 885 . 053 
Te MERE a EE Soo ee ER Oe 2 2 AIP 1,140 . 970 . 851 . 070 
































A comparison of the measured pH values (columns 7 and 8, table 4) 
with the calculated pH values (columns 5 and 6, table 4) throws 
some light on the errors likely to be encountered in routine pH measure- 
ments of fairly concentrated solutions of salts and acids with cells 
involving a liquid-junction potential of unknown value, for which no 
correction is attempted. The values in column 6 do not involve a 
liquid-junction potential, whereas those in columns 7 and 8 were 
obtained with cells having a liquid-junction between the saturated 
calomel half-cell and the salt-acid solution. For solutions of 0.01 M 
hydrochloric acid and not over 0.05 M salt, the agreement is generally 
of the order of 0.05 pH, but for the concentrated solutions, discrepan- 
cies of 0.3 to 0.4 unit are observed, the results being somewhat erratic 
because of the difficulty in establishing sharp liquid junctions. In an 
article recently published [20] caution was recommended against 
undue optimism in assigning pH values to within 0.05 pH in cases 
such as the above when liquid junctions are formed between electro- 
lytes of widelyidifferent valance types, concentrations,"andéionic mo- 
bilities. When the pH values of acid or acid-salt solutions of the 
types reported here are obtained by spectrophoton >tric and by 
electrometric measurements without liquid junctions, the average 
ne ee tag is within about +0.05 pH unit in even fairly concentrated 
solutions. ‘ 
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hydrochloric acid, and in potassium chloride, barium chloride and strontium chloride 
at the same ionic strengths 


























| Barium chloride in 0.01 M hydrochloric acid Strontium chloride in 0.01 M hydrochloric acid 

I ’ 

| Activity coefficients Activity coefficients | 

| Spectropho- | Potentic- Spectropho-| Potentio- 

| tometric metric tometric metric 

paar —— |_ via a anny ape a sind 

| - +t ——— —lo; = fy- + f ’ ee] oo) one 

| Viafy-/fe Vfufe Viufe-lfn evi | Vfufy-ife vfufei Viafy-ifa*= gv sR 

0. 906 0. 906 1. 000 0. 000 0. 906 0. 906 1. 000 0. 000 

. 878 . 876 . 998 . 001 . 883 . 881 . 998 - 001 
. 861 . 855 . 993 . 003 . 866 . 861 . 994 . 003 
. 848 . 839 . 989 - 005 . 854 . 847 - 992 . 003 
. 837 . 827 . 988 . 005 . 846 . 834 . 986 . 006 
. 829 . 817 . 986 006 . 839 825 . 983 007 
815 . 800 . 982 008 . 828 807 . 975 011 
. 804 . 788 . 980 . 009 . 820 . 794 968 014 
. 776 . 749 - 965 - 015 . 793 . 754 951 022 
. 755 . 709 - 939 . 027 769 714 928 032 
.770 . 706 917 . 038 783 719 918 037 
. $60 . 761 . 885 . 053 788 912 040 
. 970 . 858 . 884 . 053 980 912 931 031 
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MATHEMATICAL TABLES 


Attention is invited to a series of publications prepared by the Project for the 
Computation of Mathematical Tables conducted by the Federal Works Agency, 
Work Projects Administration for, the City of New York, under the sponsorshi 
of the National Bureau of Standards. The tables which have been made oe 
able through the National Bureau of Standards are listed below. 

There is included in this list a publication on the hypergeometric and Legendre 
functions (MT15), prepared by the Bureau. 


MT1. Taste or THe First Ten Powers or Tue Intecers From 1 to 1000: 
(1938) VIII+80 pages; heavy paper cover. Out of print. 
MT2. Tastes or THe Exronentiat Function ¢?: 


The ranges and intervals of the argument and the number of decimal places in the entries 
are given below: 


Range of x Internal of x _ Decimals given 
—72. 5000 to 1.0000 0. 0001 18 
1.0000 to 2.5000 . 0001 15 
2.500 to 5.000 - 001 15 
5.00 to 10.00 -O1 12 


(1939) XV-+-535 pages; bound in buckram, $2.00. 


MT3. Tastes or Crrcutar AND Hypersotic Sives AND Cosimes ron RADIAN ARGUMENTS: 
Contains 9 decimal place values of sin x, cos x, sinh x and cosh x for « (in radians) ranging from 
0 to 2 at intervals of 0.0001. 
(1939) XVII+-405 pages; bound in buckram, $2.00. 


MT4. Taszes or Sines AND Costes ron RADIAN ARGUMENTS: 


Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 25 
at intervals of 0.001. 
(1940) XXIX+-275 pages; bound in buckram, $2.00. 


MTS. Tastes or Sinz, Cosine, AND ExponentiAt INTEGRAL’, Votume I: 


Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 
(1940) XXV1+- 444 pages; bound in buckram, $2.00. 


MT6. Tastes or Sine, Cosine, AND Exponentiat Intrecrats, Votume II: 
Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001 
with auxiliary tables 
(1940) XXXVII+- 225 pages; bound in buckram, $2.00. 


MT?7. Taste or Naturat Locaritums, Votume I: 


Logarithms of the integers from 1 to 50,000 to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 


MTS. Tastes or Prosasiry Functions, Votume I: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 5.6 at intervals of 0.001. 
(1941) XX VIII+ 302 pages; bound in buckram, $2.00. 


MT9. Taste or Naturat Locarirums, Votume II: 
Logarithms of the integers from 50,000 to 100.000 to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 
MT10. Taste or Naturat Locarirums, Votume III: 
Logarithms of the decimal numbers from 0.0001 to 5.0000, to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 
MT11. Tastes or THe Moments or InerTIA AND Section Moputi or Orpinary Ancizs, CHAN- 
NEL8, AND Bucs Ancies Wits Certain Pirate ComstnaTIONs: 
(1941) XIII+-197 pages; bound in green cloth, $2.00. 
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MT12. Tasre or Natura Locarirums, Votume IV: 


Logarithms of the decimal numbers from 5.0000 to 10.0000, to 16 places of decimals. 
(1941) XXII+-506 pages; bound in buckram, $2.00. 


MT13. Taste or Sive AND Cosine InrecRAts FoR ARGUMENTS From 10 To 100: 
(1942) XXXII-+-185 pages; bound in buckram, $2.00. 


MT14. Tastes or ProsaAsmiry Functions, Votume II: 
Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 7.8 at intervals of 0.001. 
(1942) XXI+ 344 pages; bound in buckram, $2.00. 


MT15. The hypergeometric and Legendre functions with applications to integral equations of 
potential theory. By Chester Snow, National Bureau of Standards. Reproduced from original 
handwritten manuscript. 

(1942) VII+-319 pages; bound in heavy paper cover, $2.00. 


MTI16. Tasre or Arc Tan X: 
Table of inverse tangents for positive values of the angle in radians. Second central differences 
are included for all entries. 


x= [0(.001)7(.01)50(.1)300(1)2,000(10)10,000;12D} 
(1942) XXV-+-169 pages; bound in buckram, $2.00. 


MT17. Miscellaneous Physical Tables: 
Planck's radiation functions (Originally published in the Journal of the Optical Society of 
America, February 1940); and 
Electronic functions. 


(1941) VII+-58 pages; bound in buckram, $1.50. 


MTI1S8. Table of the Zeros of the Legendre Polynomials of Order 1-16 and the Weight Coefficients 
for Gauss’ Mechanical Quadrature Formula: 
(Reprinted from Bul. Amer. Mathematical Society, October 1942.) 
5 pages with cover. 25 cents. 
MT19. On the Function H (m, a, x)=exp(—ix) F (m+1—ia, 2m+ 2; ix); with table of the 
confluent hypergeometric function and its first derivative. 
(Reprinted from Journal of Mathematics and Physics, December 1942.) 20 pages, with 
cover. 25 cents. 


MT20. Table of Integrals i Jolt)at and [* yee: 


Values of the two integrals are given for x=0(.01)10 to 10 decimal places. (Reprinted from 
Journal of Mathematics and Physics, May 1943.) 12 pages, with cover, 25 cents. 


MT21. Table of jiaed= fr JO and Related Functions: 


Table I: Jio(x) to 10 decimal places and F(x)= Jio(x)+-log.1/2x to 12 decimal places for x==0(.1)3 
with even central differences of F(x). 

Table Il: Jio(x) to 10 decimal places, for x=3(.1)10(1)22 with even central differences up to 
x= 100. 

Table III: “Reduced” derivatives of F(x) for x= 10(1)21 and n=0(1)13. to 12 decimal places. 

(Reprinted from Journal of Mathematics and Physics, June 1943.) 7 pages, with cover, 25 
cents. 

MT22. Table of Coefficients in Numerical Integration Formulae: 

The values of BM, (1)/n! and B™,,/n! where B“™,, (1) denotes the nth Bernoulli polynomial of 
the nth order for x=1 and B‘™, denotes the nt» Bernoulli number of the n order, were com- 
puted for n=1, 2,. . . 20. The quantities B™, (1)/n! are required in the Laplace formula of 
numerical integration employing forward differences, as well as in the Gregory formula. The 
quantities B‘”),,/n! are used in the Laplace formula employing backward differences. 

(Reprinted from Journal of Mathematics and Physics, June 1943.) 2 pages, with cover, 25 
cents. 


Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards,” and send with order, using the blank form facing page 


3 of the cover. 
A mailing list is maintained for‘ those who desire to receive announcements 


regarding new tables as they become available. 





